



























































Special  thanks  go  to  Jochen Hoefs  for  his willingness  to  act  as  the  co‐supervisor  for  the 
present  work  and  to  Thomas  Tütken  for  the  access  to  lab  facilities  in  Bonn  and  fruitful 
discussions concerning stable isotopes in mammalian bioapatite. 
 I sincerely thank my doctoral student colleagues Magdalena Hofmann and Verena Bendel 
for  manifold  theoretical  and  practical  support,  the  same  prevails  for  the  remaining 
scientific staff in our divison, Balázs Horváth, Tommaso di Rocco and Daniel Herwartz. 





namely  Nina  Albrecht,  Andres  Höweling, Marja  Kröger,  Christian  Seidler  and Maximilian 
Troche. 
For providing the sample material  for the existing thesis  I  like to thank Bernd von Bülow, 
Philip D. Gingerich, Kurt Heissig, Wighard von Koenigswald, Thomas Lehmann, Lutz Maul, 
Frieder Mayer, Armin Pack, Mike Reich, Gertrud Rößner, Michael Rummel, Stephan Schaal, 





































The  ratios  among  the  stable  isotopes  of  oxygen  (16O,  17O,  18O)  and  carbon  (12C,  13C)  in 
biogenic apatite of mammal  teeth and bones have  the potential  to provide  insight  into 
the isotopic composition of the respective oxygen and carbon sources. The isotope ratios 
of  these  sources  (e.g.  drinking  water,  air  oxygen,  diet)  are  connected  to  specific 
environmental  and  climatic  conditions,  such  as  temperature,  relative  humidity,  CO2 
concentration, bioproductivity, palaeovegetation and vegetation density. Analysis of the 
oxygen  and  carbon  isotope  composition  of  diagenetically  unaltered  skeletal  tissue  of 
fossil mammals can provide evidence on these climatic and environmental parameters far 
back into Earth’s history. Furthermore, it is possible to receive information regarding the 






(in  most  cases  large)  modern  and  fossil  mammals.  Less  than  two  decades  ago,  an 
anomalous  triple  oxygen  isotope  composition  (17O/16O,  18O/16O)  has  been  observed  in 
tropospheric  oxygen,  which  is  significantly  different  from  nearly  all  other  terrestrial 
materials.  This  anomaly  in  molecular  oxygen  is  the  result  of  non‐mass‐dependent 
fractionation  due  to  photochemical  processes  in  the  stratosphere  and  is  transferred  to 





As  inhaled  air  oxygen  is  one  of  the  most  important  oxygen  sources  in  mammals, 
bioapatite  of  modern  and  fossil  mammals  is  one  of  the  few  materials  that  have  the 
potential to be such an archive. 
The  present  thesis  evaluates  variations  in  the  triple  oxygen  isotope  composition  of 
bioapatite from modern mammals as well as its application potential as a new proxy for 
palaeo‐CO2 reconstruction and as a  tracer of diagenetically altered  fossil  skeletal  tissue. 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Furthermore,  interspecific,  intraspecific and  intraindividual variations of  the oxygen and 
carbon isotope composition of bioapatite of modern rodents are investigated to reach a 
better  interpretative  background  for  respective  analytical  result  from  fossil 
representatives of this largest mammalian order. 
Chapter 2  evaluates  the  question,  whether  the  anomalous  isotope  signature  of 
tropospheric oxygen can be used as a tracer for diagenetic alteration of tooth and bone 
phosphate of fossil mammals. Therefore, the triple oxygen isotope composition of tooth 
enamel,  dentine  and  to  a  minor  extent  also  bone  material  of  several  individuals  of 
Cenozoic  small  mammals  (i.e.  rodents)  has  been  analysed  separately.  While  all  tooth 
enamel  samples  have  a  pronounced  oxygen  isotope  anomaly  within  a  range  that  is 
expected  for diagenetically unaltered bioapatite of  small mammals, all dentine  samples 










with  decreasing  body mass.  Based  on  the  obtained  findings,  it  has  been  attempted  to 
determine the magnitude of the anomalous oxygen isotope signature of the troposphere 
at different  times within  the Cenozoic era  from Eocene, Oligocene and Miocene rodent 
tooth  enamel,  which  gives  insight  into  the  respective  CO2‐levels.  The  theoretical  mass 




At  the  Palaeocene‐Eocene  boundary,  one  of  the  most  remarkable  environmental  and 




negative  carbon  isotope  excursion  (CIE), whose  source  is  still  discussed  controversially. 
Chapter 4  targets  temperature  change  and  CO2  fluctuations  at  the  transition  of  both 
chronostratigraphic  series.  This  is  conducted with  the  help  of  a  sample  series  of  tooth 
enamel of the mammal genus Ectocion originating from the Clarks Fork Basin (Wyoming, 
USA), encompassing the respective time interval. The reconstructed temperature change 
is  in  good  accordance with  previous  studies  on  the  18O/16O  ratio  from biogenic  apatite 
within this period. The reconstructed CO2 levels also indicate that during the peak PETM 
phase a value of 1550 ppm was not exceeded. Thus,  it  is  suggested  that dissociation of 
marine methane clathrates has been the main source of the CIE. 
Chapter 5  investigates  inter‐ and  intraspecific as well as  intraindividual variations of  the 
carbonate  oxygen,  phosphate  oxygen  and  the  carbon  isotope  composition  of  seven 
different  rodent  species  sampled  from  owl  pellets  of  a  single  locality.  The  results  are 
compared  to  similar  studies  on  large  mammals,  and  conclusions  are  drawn  on  the 
handling  of  sample  material  of  small  mammals  when  used  for  palaeoclimate 
reconstruction  by  means  of  stable  isotope  analysis.  The  variability  in  the  oxygen  and 
carbon  isotope composition of  the analysed tooth and bone material  is not higher than 
that of many large mammals, supporting the relevance of rodents, which are considerably 
more abundant in the fossil record, for such studies. However, attention has to be paid to 
the  fact  that bioapatite‐temperature  calibrations derived  from modern  species need  to 
be based exactly on the same skeletal tissue that is analysed from fossil material. This is 
important  because  of  variations  within  the  time  intervals  of  the  mineralisation  of 






(12C,  13C)  im  biogenen  Apatit  des  Zahn‐  und  Knochenmaterials  von  Säugetieren  lassen 
Rückschlüsse auf die Isotopie der entsprechenden Sauerstoff‐ und Kohlenstoffquellen zu. 
Die  Isotopenverhältnisse dieser Quellen  (z.B.  Trinkwasser,  Luftsauerstoff, Nahrung)  sind 
an  bestimmte  Umwelt‐  und  Klimabedingungen  wie  Temperatur,  Luftfeuchtigkeit,  CO2‐
Konzentration,  Bioproduktivität,  Art  der  Vegetation,  Grad  der  Vegetationsdichte  etc. 
geknüpft.  Bestimmt  man  die  Sauerstoff‐  und  Kohlensoffisotopenverhältnisse  in 
diagenetisch  unalteriertem  fossilem  Säugetiermaterial  können  Aussagen  über  solche 
Klima‐ und Umweltparameter weit in die Erdgeschichte zurück getroffen werden. Darüber 
hinaus  ist  es möglich  Informationen über  Lebensweise und Verhalten der untersuchten 




der  Sauerstoff‐  und  Kohlenstoffisotopie  (18O/16O,  13C/12C)  des  Zahn‐  und 
Knochenmaterials  rezenter  und  fossiler  (vorwiegend  großer)  Säugetiere  zu  diesen 
Zwecken  widmen.  Noch  keine  zwei  Jahrzehnte  ist  es  her,  dass  erkannt  wurde,  das 
troposphärischer  Sauerstoff  eine  anomale  3‐O‐Isotopenzusammensetzung  (17O/16O, 
18O/16O)  besitzt,  die  signifikant  von  fast  allen  anderen  terrestrischen  Materialien 
abweicht.  Diese  wird  in  Folge  von  nicht  massenabhängiger  Fraktionierung  durch 
photochemische Prozesse in der Stratosphäre hervorgerufen und durch Gasaustausch in 
die  Troposphäre  übertragen. Die Magnitude dieser  Sauerstoffisotopenanomalie  ist  eine 
Funktion  der  atmosphärischen  CO2‐Konzentration,  sowie  der  globalen  Bioproduktivität. 
Kann  die  3‐O‐Isotopie  des  Luftsauerstoffs  zu  vergangenen  Zeitpunkten  in  der 
Erdgeschichte  rekonstruiert  werden,  lässt  dies  somit  auch  Rückschlüsse  auf  die 
entsprechende  CO2‐Konzentration  bzw.  die  globale  Bioproduktivität  zu.  Geologische 
Archive die dies ermöglichen sind jedoch kaum vorhanden. 
Da für Säugetiere der eingeatmete Luftsauerstoff neben Trinkwasser und freiem Wasser 





Die  vorliegende  Arbeit  untersucht  die  Variation  der  3‐O‐Isotopenzusammensetzung  im 
Bioapatit  rezenter  Säugetiere,  sowie  deren  Bedeutung  als  neuen  Proxy  zur  paläo‐CO2‐
Rekonstruktion und als Indikator für diagenetisch alteriertes Skelettmaterial. Desweiteren 
werden  zwischenartliche,  innerartliche und  intraindividuelle Variationen der  Sauerstoff‐ 
und  Kohlenstoffisotopie  im  Bioapatit  rezenter  Nagetiere  untersucht  um  eine  bessere 
Interpretationsgrundlage  für  entsprechende  Analysedaten  fossiler  Vertreter  dieser 
größten Ordnung der Säugetiere herzustellen. 
Kapitel 2  beschäftigt  sich  mit  der  Frage,  ob  die  anomale  Isotopensignatur 
troposphärischen  Sauerstoffs  als  Indikator  für  diagenetische  Alteration  des  Zahn‐  und 
Knochenmaterial  von  fossilen  Säugern  genutzt  werden  kann.  Hierzu  wurde  die  3‐O‐
Isotopie  von  Zahnschmelz,  Dentin  und  in  geringem Umfang  auch  Knochenmaterial  von 
einzelnen  Individuen  känozoischer  Nagetiere  separat  analysiert.  Während  alle 
Zahnschmelzproben  eine  deutliche  Sauerstoffisotopenanomalie  aufweisen,  welche  in 
einer Größenordnung liegt die für diagenetisch unalterierten Bioapatit kleiner Säugetiere 
zu  erwarten  wäre,  zeigen  alle  Dentinproben  eine  deutlich  niedrigere  bis  gar  keine 
Anomalie, was auf Isotopenaustausch mit diagenetischen Fluiden hindeutet. 
In  Kapitel 3  werden  die  Variationen  der  anomalen  Isotopensignatur  troposphärischen 
Sauerstoffs im Skelettmaterial von rezenten Säugetieren evaluiert. Dies geschieht anhand 
zweier  voneinander unabhängiger Ansätze:  1.  durch 3‐O‐Isotopenanalyse  von  rezentem 
Bioapatit und 2. durch ein detailliertes Massenbilanzmodell. Da der Anteil des veratmeten 
Luftsauerstoffs  im  Verhältnis  zu  den weiteren  Sauerstoffquellen  in  erster  Linie  von  der 
spezifischen  metabolischen  Rate  abhängt,  die  weitgehend  mit  dem  Körpergewicht 
skalierbar  ist,  wurden  Arten  aus  einem  möglichst  großen  Körpergewichtsbereich  von 
wenigen  g  bis  zu  einigen  tausend  kg  untersucht.  Es  zeigte  sich,  dass  das  anomale 
Isotopensignal mit  sinkender  Körpermasse  zunimmt.  Auf  Basis  der  daraus  gewonnenen 
Erkenntnisse wurde versucht die Magnitude der anomalen Sauerstoffisotopensignatur in 
der  Troposphäre  zu  verschiedenen  Zeitpunkten  im  Känozoikum  durch  3‐O‐
Isotopenanalyse  von  eozänem,  oligozänem  und  miozänem  Zahnschmelzmaterial  von 
Nagetieren  zu  bestimmen  um  daraus  Erkenntnisse  über  die  entsprechenden  CO2‐
Konzentrationen  zu erhalten. Das  theoretische Massenbilanzmodell  stimmt gut mit den 
analytisch  gewonnenen  Daten  überein,  beide  zeigen  eine  Vergrößerung  der  3‐O‐
Isotopenanomalie  im  Bioapatit  mit  sinkender  Körpermasse.  Die  rekonstruierten  CO2‐
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Konzentrationen  stimmen  generell  mit  vorhandenen  Daten  diverser  Proxies  überein, 
jedoch  erlaubt  der  assoziierte  Fehler  es  nicht,  CO2‐Schwankungen  im  Bereich  von 
wenigen 100 ppm aufzulösen. 
 An  der  Grenze  von  Paläozän  zu  Eozän  fand  eine  der  einschneidendsten  Umwelt‐  und 
Klimaveränderungen  des  Känozoikums  statt,  welche  ihren  Höhepunkt  im  sogenannten 
“Palaeocene Eocene Thermal Maximum” (PETM) hatte. Dieses war verbunden mit einer 
globalen  negativen  Kohlenstoffisotopenexkursion  (CIE),  deren  Quelle  bis  heute 
kontrovers diskutiert wird. Kapitel 4 beschäftigt  sich mit den Temperaturschwankungen 
und Veränderungen der CO2‐Konzentration im Übergangsbereich dieser beiden Zeitalter. 
Dies  geschieht  anhand  einer  diesen  Zeitabschnitt  umspannenden  Probenserie  von 
Zahnschmelz der Säugetiergattung Ectocion aus dem Clarks Fork Basin  (Wyoming, USA). 
Die  rekonstruierten  Temperaturschwankungen  stimmen  gut  mit  bereits  vorhandenen 
Studien des  18O/16O Verhältnisses  an biogenem Apatit  aus diesem Zeitintervall  überein. 
Die  aus  der  3‐O‐Isotopenzusammensetzung  rekonstruierten  CO2‐Konzentration  deuten 
darauf hin, dass auch während des Temperaturmaximums an der Paläozän‐Eozän Grenze 
ein  Wert  von  1550  ppm  nicht  überschritten  wurde,  was  auf  die  Dissoziierung  von 
marinem Methanhydrat als Hauptquelle der CIE hinweist. 
Kapitel 5  untersucht  die  zwischenartlichen,  innerartlichen  und  intraindividuellen 
Variationen der Karbonatsauerstoff‐, Phosphatsauerstoff‐ und Kohlenstoffisotopie sieben 
verschiedener  Nagetierarten  anhand  von  Proben  aus  Eulengewöllen  eines  einzelnen 
Fundortes. Die Ergebnisse werden mit ähnlichen Studien an Großsäugern verglichen, und 
es  werden  Schlüsse  zum  Umgang  mit  Probenmaterial  kleiner  Säugetiere  bei  der 
Verwendung  zur  Paläoklimarekonstruktion  mittels  stabiler  Isotope  gezogen.  Die 
Variabilität der Sauerstoff‐ und Kohlenstoffisotopie der untersuchten Zähne und Knochen 
ist  nicht  höher  als  die  vieler  Großsäuger,  was  die  Relevanz  der  im  Fossilbericht  viel 
häufigeren  Nagetiere  für  derartige  Studien  unterstützt.  Jedoch  sollte  strikt  darauf 
geachtet  werden,  dass  auf  Rezentmaterial  basierende  Bioapatit‐Temperatur‐
Kalibrationen  exakt  auf  dem  gleichen  Skelettelement  beruhen  welches  auch  als 
Fossilmaterial  untersucht wird,  da  durch  die  unterschiedliche Mineralisierungsintervalle 
verschiedener  Zähne  und  Knochen  deutliche  Unterschiede  in  den  entsprechenden 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of  future  climate  change  and  the  adherent  challenges  for  mankind.  To  gain  insight 
(beyond  theoretical  model  approaches)  into  past  climatic  conditions,  certain  archives 
throughout Earth’s history are utilised. Those archives to a large extent recruit from the 
fossilised  tissues  of  ancient  life  forms.  Often,  the  stable  isotope  composition  of  light 
elements  (e.g.  oxygen  and  carbon)  in  these  preserved  fossil  remains  (if  diagenetically 
unaltered)  is  used  in  this  context.  The  stable  isotope  composition  of  animal  and  plant 
tissues  is  related  to  that  of  the  substances  involved  in  their  formation  (e.g. water,  air, 
diet).  Those  are  informative  concerning  numerous  palaeoclimatic  and 
palaeoenvironmental  parameters,  such  as  fluctuations  in  temperature  and  greenhouse 
gas  levels and associated  faunal and floral adaptions or change. One particular of  these 
archives  is  biogenic  apatite  of  mammals,  which  in  a  narrow  sense  are  known  to  be 
present  on  Earth  since  the Middle  Jurassic  (Kemp,  2007).  The  present  thesis  evaluates 
new  approaches  for  palaeoclimatic  reconstructions  utilising  the  triple  oxygen  isotope 
composition of mammalian bioapatite and contributes to an enhanced understanding of 





material  to  provide  a  higher  precision  (e.g.  Sharp,  2007;  Hoefs,  2009).  These  relative 

























Despite  of  the  occurrence  of  three  stable  isotopes,  typically  only  the  18O/16O  ratio  is 





However,  the  occurrence  of  non  mass‐dependent  fractionation  was  first  observed  by 
Clayton et al.  (1973)  in meteorites and preliminarily explained by mixing of  two distinct 
oxygen  reservoirs  in  the  outer  space.  In  the  early  1980s,  first  evidence  of  a  chemically 
produced  mass‐independent  oxygen  isotope  fractionation  (17O‐excess  or  17O‐anomaly) 
was  provided  by  ozone  generation  via  electrical  discharge  from  molecular  oxygen 
(Heidenreich  and  Thiemens,  1983;  Thiemens  and  Heidenreich,  1983).  A  naturally 
produced  17O‐anomaly  in  stratospheric O3  has  first  been documented by Mauersberger 
(1987).  In  the  following  years  17O‐anomalies  have  been  observed  in  several  other 































17O‐depletion  of  the  O2  reservoir.  The  small  negative 
17O‐anomaly  of  tropospheric  O2 
results  from  gas  exchange  between  the  troposphere  and  stratosphere  and  is 
counteracted by the production of isotopically “normal” O2 by photosynthesis. Thus, the 
magnitude of  the  17O‐anomaly  in  tropospheric O2  is  a  function of  the  atmospheric  CO2 











































































         
Eq. 1.6 
 










         
Eq. 1.7 
 δ
18Ο(VPDB)= 0.97002δ 18Ο(VSMOW)− 29.98
         
Eq. 1.8 
In equilibrium or kinetic  fractionation processes of elements with more than two stable 


































































Young et al., 2002).  In  the present  study,  the  triple  isotope exponent  is denoted as λ  if 
isotope variations of a total reservoir, associated to more than a single physical process, 
were  reported  (e.g.  rocks  and  minerals,  meteoric  water,  leaf  water).  In  contrast,  it  is 
characterised  as  θ,  if  a  single  equilibrium  fractionation  process  between  two  specific 
phases (e.g. bioapatite‐water, water‐water vapour) is involved. 
For an accurate quantification of triple oxygen isotope ratios, the linearised form of the δ‐



















































In  chapter  2,  a  TFL  with  a  slope  β  (which  sometimes  is  used  instead  of  λ)  of 
0.5250 ± 0.0007  (1σ)  is  used,  based  on  290  single  analyses  of  terrestrial  rocks  and 
minerals. Chapter 3 and 4 use an improved, slightly different slope λ of 0.5251 ± 0.0007 




Whereas  in  chapter  2  a  zero  intercept  γ  is  used  for  simplicity,  chapter  3  and 4 use  an 
intercept γ of –0.048 ± 0.005‰, which represents a weighted mean between the results 
of  two  recently  conducted  studies  (M.  Hofmann,  pers.  comm.,  γ = –0.036 ± 0.018‰; 
















chemical  formula  Ca4.5[(PO4)2.7(HPO4)0.2(CO3)0.3](OH)0.5  (Driessens  and  Verbeeck,  1990). 
The major portion of oxygen in mammalian bioapatite is present in the phosphate, minor 
fractions  are  held  in  the  carbonate  and  in  the  hydroxyl  group,  e.g.  91.5%  phosphate 
oxygen vs. 6.5% and 2.9% as carbonate and hydroxyl,  respectively,  in  the case of  tooth 
enamel (Elliot, 1997). 




by  a  total  of  all  oxygen  input  and  output  fluxes  through  the  body water  pool.  Oxygen 
input  sources  for  mammals  are  drinking  water,  food  water,  air  oxygen,  organic  food 
compounds and water vapour in air, which all are linked to either local surface water or 
air  oxygen,  in  which  the  latter  has  a  constant  value  of  ~24‰  (Barkan  and  Luz,  2005). 
Output  fluxes  are exhaled CO2,  liquid water  in  sweat,  urine  and  feces  as well  as orally, 
nasally and transcutaneously released water vapour (Luz and Kolodny, 1985; Bryant and 
Froelich, 1995; Kohn, 1996; Fig. 1.3). 
The applicability of  the oxygen  isotope composition (δ18O) of mammalian bioapatite  for 
palaeoclimatic  research  has  been  first  suggested  by  Longinelli  (1974)  and  was 
fundamentally evaluated by a number of pioneering studies in the mid 1980s (Longinelli, 
1984;  Luz et  al.,  1984;  Luz  and Kolodny,  1985),  that demonstrated a  linear  relationship 
between δ18O of mammalian bioapatite and ingested drinking water. Combined with the 






With  some  delay  after  the  initial  studies,  the  link  between  mammalian  bioapatite, 





palaeotemperature  reconstruction,  δ18O  of  bioapatite  can  provide  insight  into  climate 
seasonality, relative humidity or aridity of palaeoenvironments as well as mobility, birth 
seasonality and drinking behaviour of specific mammalian taxa (e.g. Balasse et al., 2002; 
2003;  Kohn  and  Cerling,  2002;  Levin  et  al.,  2006;  Tütken  et  al.,  2006;  Tütken  and 
Vennemann, 2009). 
Both,  the  phosphate  (δ18OPO4)  as  well  as  the  carbonate  component  (δ
18OCO3)  of 
mammalian bioapatite are commonly analysed for palaeoclimatic, (palaeo)ecological and 










and  thus  it  is  often  preferred when dealing with  fossil material  (e.g.  Kohn  and Cerling, 
2002).  A  nearly  constant  offset  (Δ18OCO3‐PO4)  exists  between  both  oxygen‐bearing 
components  that  can  vary by  a  few ‰ within  and between  taxa.  In  a wider  sense  it  is 
related  to  physiological  reasons  but  this  is  not  completely  deciphered  until  now  (e.g. 
Martin et al., 2008). Previously reported values for Δ18OCO3‐PO4 range from 7.5 to 11.4‰ 
(Chenery et al., 2012; Gehler et al., 2012 and refs. therein). 
A completely new approach, based on  the  triple oxygen  isotope composition, has been 
supposed  by  A.  Pack  (pers.  comm.)  and  is  basically  evaluated within  three  of  the  four 
studies  included  in  the  thesis  presented  here  (Gehler  et  al.,  2011;  Gehler  et  al.,  in 
preparation; Pack et al., in press). 
The approach  is  based on  the  fact  that  tropospheric O2,  along with drinking water  and 
free water  in  food,  is  one  of  the main  oxygen  sources  for mammals  (e.g.  Kohn,  1996). 
Thus, it seemed to be likely that a fraction of its 17O‐anomaly (proportionate to the other 
oxygen  sources)  should  also  be  detectable  in  mammalian  bioapatite  by  triple  oxygen 
isotope analysis.  If  it  is  then possible to relate Δ17O of mammalian bioapatite to that of 












































The  carbon  isotope  composition  of  mammalian  bioapatite  can  be  analysed  from  the 
carbonate  fraction  in  teeth and bones.  In  the bioapatite of  terrestrial mammals, δ13C  is 
controlled by the carbon isotope composition of the ingested diet. A 13C‐enrichment by 9 
to  15‰  relative  to  the  respective  diet  occurs  due  to  specific  fractionation  processes 
within  the mammalian  body.  Differences  in  this  enrichment  factor  among mammalian 




al.  (1980).  Soon  after  these  initial  studies,  also  the  first  fossil  mammals  have  been 
analysed for δ13C with the intent of dietary reconstructions (Ericson et al., 1981; Sullivan 
and Krueger,  1981).  In  the  following more  than  three decades,  a  very  large number  of 
studies  has  been published  that  aim  to  track  the  δ13C of  ingested  food of modern  and 






al.,  1992;  MacFadden  et  al.,  1994;  Quade  et  al.,  1995;  MacFadden  and  Cerling,  1996; 
Cerling et al., 1997; Cerling et al., 1999; MacFadden et al., 1999; Harris and Cerling, 2002; 
Drucker  et  al.,  2003;  Cerling  et  al.,  2004;  MacFadden  and  Higgins,  2004;  Feranec  and 







The main goal of  the present  thesis  (chapters 2, 3  and 4)  is  to provide  insight  into  the 
triple oxygen isotope composition of bioapatite of modern mammals and to explore the 
respective  potential  for  palaeoclimate  reconstructions,  particularly  as  a  new  proxy  for 
pCO2 throughout the Cenozoic, when mammals became common on Earth. 
A  second  goal  was  to  supply  a  basic  contribution  to  the  oxygen  and  carbon  isotope 






Tropospheric  oxygen  has  a  small  but  distinct  17O‐anomaly.  As  inhaled  air  oxygen  is  an 
important  oxygen  input  flux  for mammals,  a  fraction  of  this  anomaly  is  transferred  to 
mammalian  body  water  and  subsequently  to  the  bioapatite  that  forms  the  teeth  and 
bones of mammals. Thus, diagenetically unaltered fossil mammal remains should record 
an  anomalous  oxygen  isotope  signal,  whereas  skeletal  tissues  that  underwent  oxygen 
isotope  exchange  with  an  isotopically  “normal”  diagenetic  fluid  may  have  lost  it.  The 
intent of  this study  is  to evaluate this on different skeletal materials  (i.e.  tooth enamel, 
dentine,  bone)  that  are  thought  to  be  unequally  prone  to  diagenetic  alteration.  Small 




The  fraction  of  inhaled  anomalous  tropospheric  oxygen  in  proportion  to  the  other 
isotopically “normal” oxygen input fluxes of mammals (i.e. drinking water and free water 
in  food)  is  primarily  a  function of  the  specific metabolic  rate, which  largely  scales with 
body mass. Chapter 3 focuses on the exploration of the variations of Δ17O in mammalian 
bioapatite using species over a  large  range of body masses  (~2 g  to ~5000 kg) and with 






of  the  study,  it  is  aimed  to  determine  the  Δ17O  of  tropospheric  oxygen  within  the 
respective era, which is informative on pCO2. 
Chapter  4:  Temperature  and  atmospheric  CO2‐concentration  changes  across  the 
Palaeocene‐Eocene Thermal Maximum (PETM) – new insights from triple oxygen isotope 
analysis of mammalian bioapatite 
The  Palaeocene‐Eocene  transition  is  associated  with  an  abrupt  environmental  change, 
characterised  by  increased  temperatures  of  several  °C  and  a  globally  abundant  large 
negative carbon  isotope excursion  (CIE) within a period of  less  than 200,000 years. This 
time interval is termed the “Palaeocene‐Eocene Thermal Maximum” (PETM). In chapter 4 
for  the  first  time δ18O of bioapatite  is used to track the temperature change across  the 
PETM  (as  done  successfully  also  in  previous  studies)  is  used  together  with  the  newly 
developed  triple  oxygen  isotope  approach  of  chapter  3,  attempting  to  track  both, 
temperature and pCO2 simultaneously by a  single proxy. This  is  conducted on a  sample 
series  of  tooth  enamel  of  the  condylarth mammal Ectocion  from pre‐,  peak‐  and  post‐
PETM/CIE strata located in the Clark Forks Basin (Wyoming, USA). 
Chapter  5:  Oxygen  and  Carbon  Isotope  Variations  in  a  Modern  Rodent  Community  – 
Implications for Palaeoenvironmental Reconstructions 




δ18O and δ13C of bioapatite  from fossil  rodents. However, an  important prerequisite  for 
this  is  a  thorough  understanding  of  the  inter‐specific,  intra‐specific  and  intra‐individual 
oxygen  and  carbon  isotope  variabilities  of  the  examined  taxa.  Whereas  this  is  well 
investigated  for  a  number  of  large mammals,  respective  studies  are  almost  completely 
lacking  for  rodents.  To address  this deficiency, chapter 5  investigates  incisors, different 
























































































































































































































































































The detection of diagenetic alteration  is  critical  for palaeoclimate  reconstruction  that  is 
based  on  the  oxygen  isotope  composition  of  fossil  bones  and  teeth.  So  far,  no  direct 





its  rare  isotope  17O.  Inhaled  air  O2  is  a  major  source  of  oxygen  in  small  land‐living 
mammals.  A  fraction  of  the  anomaly  is  transferred  via  body  water  to  skeletal  apatite, 
where it can be detected by means of δ17O and δ18O analyses. The approach, considering 
the current analytical uncertainty, is restricted to small mammals with body masses ≤1 kg. 
This  is  due  to  the  low  specific metabolic  rates  of  large mammals,  resulting  in  a  lower 
fraction  of  oxygen  inhaled  via  breathing  relative  to  oxygen  from other  sources  in  their 
body water. 
Remnant negative 17O anomalies derived from in vivo  inhaled O2 have been detected in 
enamel bioapatite of Eocene  to Miocene  rodent  teeth while dentine of  the  same  teeth 
lacks  significant  17O  anomalies.  This  suggests  preservation  of  the  original  phosphate 
oxygen  isotope  composition  in  enamel  of  these  small  mammal  teeth.  In  contrast,  17O 








Since  the  pioneering works  of  Longinelli  (1984),  Luz  et  al.  (1984)  and  Luz  and  Kolodny 
(1985), palaeotemperature reconstructions based on the 18O/16O (expressed as δ18O, see 
section  1.2  for  definitions)  of  bioapatite  from  fossil  mammals  rapidly  became  an 
established method  and  the  number  of  studies  on  this  topic  is  increasing  continuously 
(e.g., Fricke, 2003; Grimes et al., 2003; 2004; 2005; Tütken et al., 2006; 2007; Zanazzi and 
Kohn, 2008; Chritz et al., 2009; Tütken and Vennemann, 2009). 
The δ18O of bioapatite can be used as a proxy  for  the δ18O of  ingested meteoric water, 
which  is  the  main  source  of  oxygen  in  large  land‐living  animals.  The  oxygen  isotope 
composition of meteoric water provides information about mean annual air temperature, 
relative humidity  and  local  precipitation  (Dansgaard,  1964; Rozanski  et  al.,  1997;  Fricke 
and O'Neil, 1999 and references therein). Skeletal apatite precipitates in equilibrium with 
body water.  For most mammals,  skeletal  apatite precipitates  at  a body  temperature of 
37°C and has a δ18O, which is ~17.3‰ higher than the δ18O of the water from which it has 
precipitated  (Longinelli  and  Nuti,  1973).  Therefore,  the  δ18O  of  mammalian  bioapatite 
relates to the δ18O of ingested meteoric water and can thus be used as a climate proxy for 
air  temperature,  aridity  and/or  drinking  behaviour  (Longinelli,  1984;  Ayliffe  and Chivas, 
1990; Delgado Huertas  et  al.,  1995;  Kohn et  al.,  1998;  Levin  et  al.,  2006;  Tütken et  al., 
2006). 
Most  studies  using  δ18OPO4  of  mammalian  bioapatite  for  continental  palaeoclimate 
reconstructions  have  been  conducted  on  teeth  of  large  mammals  (Koch  et  al.,  1989; 
Ayliffe et al., 1992; Bryant et al., 1994; Gaboardi et al., 2005; Tütken et al., 2006, 2007; 
Chritz et al., 2009; Tütken and Vennemann, 2009). However, the number of studies using 
small  mammals  (mainly  rodents)  has  increased  over  the  last  few  years  (Grimes  et  al., 
2003,  2004,  2005; Navarro  et  al.,  2004;  Tütken  et  al.,  2006;  Ruddy,  2008; Héran  et  al., 




An  important  precondition  for  the  palaeoclimate  reconstruction  using  δ18OPO4  of 
bioapatite  is  that  the original  isotopic composition  is preserved  in  the analysed skeletal 
remains  and  that  it  is  not  modified  due  to  diagenetic  alteration.  Tooth  enamel  is  the 




oxygen  isotope  analyses  (Navarro  et  al.,  2004;  Tütken  et  al.,  2006; Héran  et  al.,  2010). 
However,  dentine  is  prone  to  diagenetic  alteration.  Thus  δ18OPO4  analysis  of  enamel‐
dentine‐mixtures may be biased by alteration. To examine possible diagenetic changes of 
the  primary  oxygen  isotope  composition  in  bulk  small mammal  teeth,  previous  studies 
used indirect indicators. Navarro (2004) and Héran (2010) assumed that phosphate yields 
during  silver  phosphate  precipitation  in  accordance  with  the  original  bioapatite 
stoichiometry may  indicate  preservation  of  pristine  δ18O  values  in  their  tooth  samples. 




18OPO4  differences  as  for  pure  fossil  enamel  samples.  They  suggest  that  fossil 
bones and teeth have been affected by diagenesis if the difference between δ18OCO3 and 











Here  a  new  approach  to  detect  diagenetic  alteration  of  the  oxygen  bound  in  the  PO4‐









Except  for  exotic  photoreactions  in  the  atmosphere  (Thiemens,  2006),  variations  in  the 
17O/16O  ratios  are  closely  coupled  with  variations  in  the  18O/16O  ratios  (Young  et  al., 































































       
Eq. 2.1 
 
Terrestrial  rocks  and  minerals  fall  on  a  single  line  in  a  δ’17O  vs.  δ’18O  diagram,  the 
Terrestrial Rock Fractionation Line (TFL) (Clayton and Mayeda, 1983; Robert et al., 1992; 
Miller, 2002; Pack et al., 2007; Rumble et al., 2007). The β value used in the present study 
is  0.5250  ±  0.0007  and  is  based  on  a  large  number  of  analyses  of  terrestrial  rocks  and 
minerals (n=290) including silicates, oxides, and phosphates. The slope is, within analytical 









































This  17O  anomaly  is  caused  by  mass‐independent  photochemical  reactions  in  the 
stratosphere,  where  17O‐enriched  CO2  and 
17O‐depleted  O2  are  produced  by  exchange 
with isotopically anomalous O3 (Yung et al., 1991; Bender et al., 1994). The magnitude of 
the  17O  anomaly  in  tropospheric  O2  is  related  to  atmospheric  CO2  concentrations  and 




Inhaled  air  oxygen  is  an  important  oxygen  source  for  body  water  of  small  terrestrial 
vertebrates (e.g., Kohn, 1996). The 17O anomaly of air O2 is transferred through blood to 








Diagenesis  is  a  process,  during  which  skeletal  bioapatite  recrystallises  and  reacts  with 
ambient  diagenetic  fluid.  Oxygen  isotope  exchange  with  the  surrounding  fluids  during 
diagenesis should result in a change of the in vivo obtained 17O anomaly via air O2 intake 
to  an  equilibrium  Δ17O  value  between  the  diagenetic  fluid  and  the  bioapatite, 
respectively.  Because  nearly  all  terrestrial  fluids  and  rocks  do  not  have  a  negative  17O 









We,  therefore,  suggest  that  triple  oxygen  isotope  analysis  of  fossil  bioapatite  of  small 
mammals (≤ 1 kg) may represent a new tool to directly detect diagenetic alteration of the 
δ18OPO4 values in fossil bones and teeth. Future improvements of the analytical precision 






surrounding  fluid  are  given.  The  negative  Δ17O  value  of  the  body  fluid  reflects  inhalation  of  isotopically 
anomalous air O2 and is incorporated into the bioapatite. During diagenetic recrystallisation of the apatite 












Five  fossil  teeth  (four  incisors  and  one  molar)  as  well  as  one  bone  of  rodents  were 
analysed in this study. The fossil skeletal remains originate from five different localities in 
Germany  ranging  in  age  from  Eocene  (Lutetian)  to Miocene  (Langhian).  The  specimens 
are  from  different  taphonomic  and  sedimentary  settings,  including  limnic  oil  shale 
(Messel pit, Hesse, ~47 Ma),  carstic  fissure  fillings  (Möhren 13 and Herrlingen quarries, 
Baden‐Wuerttemberg,  ~26  Ma  and  ~32  Ma,  respectively),  limnic‐fluviatile  siliciclastic 





Fig.  2.3: Map of  Tertiary  fossil  localities  in Germany  from which 








(Messel)  as  well  as  lower  incisor  teeth  of  three  Rodentia  indet.  (Möhren  13, 
Sandelzhausen  and  Steinberg/Ries).  Each  sample was  analysed  between  one  and  eight 
times. 




15  minutes  to  remove  sorbed  water,  organic  matter,  structural  carbonate  and  OH− 
groups. It has been shown by Lindars et al. (2001) that at temperatures of between 850 
and 1000°C all of these compounds are safely removed to ensure an isotopic analysis of 
only  the  phosphate  oxygen  isotope  composition.  To  avoid  exchange  with  atmospheric 
Chapter 2 – Tracing diagenetic alteration 
 28 
water,  samples  were  cooled  down  to  below  100°C  in  an  Ar atmosphere  and  then 
immediately stored in a desiccator. 
2.2.3 Oxygen isotope analyses 
Isotope  analyses  were  conducted  in  the  stable  isotope  laboratory  at  the  University  of 
Göttingen, Germany, by means of infrared (IR) laser fluorination in combination with gas 
chromatography  and  continuous  flow  isotope  ratio  monitoring  gas  mass  spectrometry 
(GC‐CF‐IRMMS).  Approximately  1.5 mg  of  pretreated  bioapatite  was  loaded  along  with 
1.05 to 1.1 mg NBS 28 quartz, NBS 120c Florida phosphate rock and other terrestrial rocks 
and minerals (including MORB, chromite, garnet, quartz, ruby and sapphire) into an 18‐pit 
Ni  sample  holder.  After  evacuation  and  heating  of  the  sample  chamber  to  70°C  for  a 
minimum of 12 h, materials were reacted in a ~25 to ~30 mbar atmosphere of purified F2 
gas  by means  of  heating with  a  50 W CO2‐laser.  Liberated  sample  oxygen was  cleaned 
from excess F2 by reacting with NaCl (at 110°C). Released sample gas was cryofocused on 
a  molecular  sieve  at  –196°C,  afterwards  expanded  into  a  stainless  steel  capillary  and 
transported with He as  carrier  gas  through a  second  cold  trap, where  a  fraction of  the 
sample  gas  was  again  cryofocused  at  –196°C  on  a  molecular  sieve.  The  O2  was  then 
released  back  into  the  He  carrier  gas  stream  at  92°C  and  transported  through  a  5 Å 
molecular  sieve  GC‐column  of  a  Thermo  Scientific  GasBench  II.  The  column  separated 
interfering  NF3  from  O2,  which  is  important  when  analysing  δ
17O  (Pack  et  al.,  2007). 
Purified sample O2 was injected via an open split valve of the GasBench II into the source 
of a Thermo MAT 253 gas mass spectrometer. The signals of  16O16O,  17O16O and  18O16O 
were  simultaneously  monitored  on  3  Faraday  cups.  Sample  peaks  (m/z = 32)  had  an 
intensity of 20 to 30 V. Reference O2 was injected before each sample through a second 
open  split  valve  of  the  GasBench  II.  The  standard  deviation  for  replicates  of  the  same 
bioapatite samples from different runs is typically better than ±0.05‰ in Δ17O. The long 
term standard deviation in Δ17O derived from 290 single analyses of terrestrial rocks and 
minerals carried out  in >30 analytical sessions  in a period of one year  is ±0.06‰. In the 
results  section,  this value  is adopted as error  for Δ17O  if only a single analysis has been 





Multiple analyses  (n=16, within 10 different analytical  sessions) of  the NBS 120c Florida 
phosphate  rock  standard,  pretreated  as  described  in  section  2.2,  gave  a mean  δ18OPO4 
value of 20.9 ± 0.1‰ and a mean Δ17O of 0.00 ± 0.02‰. 
Laser  fluorination  analyses  of  Ag3PO4  precipitated  using  a  rapid  precipitation  method 
(Tütken et al., 2006) from NBS 120c (n=2) gave a mean δ18OPO4 value of 21.7 ± 0.5‰ and a 
mean Δ17O of 0.00 ± 0.05‰. TC/EA analysis of an aliquot of  the same silver phosphate, 
conducted  at  the University  of  Tübingen  using  a  Thermo  Scientific  TC/EA  (n=3),  gave  a 
mean δ18OPO4  value of  21.6 ± 0.4‰. This  value  is, within error,  identical with  the mean 
δ18O  of  NBS  120c  of  21.7±0.1‰,  derived  from  19  independent  studies  summarised  in 
(Chenery  et  al.,  2010).  The  Δ17O  value  cannot  be  determined  by  TC/EA  analysis.  No 
significant discrepancy has been observed between direct laser fluorination of pretreated 
bioapatite  and  laser  fluorination  of  Ag3PO4  precipitated  from  the  same  samples.  The 
~0.8‰  offset  between  direct  Laser  fluorination  of  pretreated  NBS  120c  and  TC/EA 
analysis of NBS 120c precipitated as silver phosphate (Ag3PO4) may be due to the content 
of  SiO2  and  other  oxides  in  the  NBS  120c  powder  that  cannot  be  removed  during  our 
pretreatment  procedure  (see  section  2.2.2)  but  will  react  during  laser  heating  under 
fluorine atmosphere. 









values.  The  intra‐tooth  difference  between  both  dental  tissues  varies  between  0.1  and 
2.3‰ (Table 2.1). 
Triple oxygen isotope analyses of the recent shark tooth enameloid for determination of 
the  βH2O‐AP  gave  a  δ







Fig.  2.4: Diagram  comparing  Δ17O  of  tooth  enamel  (white  triangles),  dentine  (black  triangles)  and  bone 










The  intra‐tooth  differences  between  the  Δ17Oenamel  and  Δ
17Odentine  values  of  –0.18  to 
+0.09‰  exceed  the  analytical  uncertainty.  The  Δ17O  values  of  fossil  enamel  of  the  5 
analysed  rodent  specimens  have  pronounced  negative  17O  anomalies  that  can  only  be 
explained by the in vivo incorporation of isotopically anomalous air O2 (Fig. 2.3) (Pack et 
al.,  2009).  The  low  Δ17O  supports  that  the  analysed  tooth  enamel  has  preserved  the 
original  oxygen  isotope  composition.  In  contrast,  the  Δ17O  values  of  the  corresponding 
dentine have no negative 17O anomalies. The dentine data overlap within error with the 
Δ17O  range  that  is expected by exchange with  isotopically normal diagenetic  fluids  (Fig. 







pristine oxygen  isotope  compositions  in both enamel  and bone, whereas dentine has a 










fluid. The shaded area  illustrates a  range of δ18OMW  from –10  to –4‰, corresponding  to  typical Cenozoic 




and  the  δ18OH2O  of  meteoric  water  gives  different  calibration  equations  (D'Angela  and 
Longinelli,  1990;  Longinelli  et  al.,  2003;  Navarro  et  al.,  2004).  Figure  2.5  shows  the 
calibration  equations  of  Longinelli  et  al.  (2003)  and  Navarro  et  al.  (2004)  for  rodent 
δ18OPO4 of the skeletal apatite (δ
18OAP). To evaluate the effect of diagenetic alteration on 
the  δ18OAP,  the  δ
18OPO4  of  the  diagenetic  apatite  (δ





temperatures  using  the  phosphate‐water  oxygen  isotope  thermometer  equation  of 
Shemesh  et  al.  (1988).    If  the  diagenetic  fluid  and  rodent  drinking  water  have  similar 
δ18OH2O,  the  diagenetic  bioapatite may  have  δ
18O  values  close  to  those  of  the  pristine 
apatite. 
This can explain why the δ18OPO4 of enamel and dentine analysed in this study are often 
similar  (Table 2.1) despite a diagenetic alteration of  the oxygen  isotope composition as 
indicated  by  the  intra‐tooth  Δ17O  difference  between  both  dental  tissues.  The  Upper 
Oligocene Archaeomys individual has similar Δ17O in the enamel and bone, suggesting the 
preservation of original oxygen isotope ratios, but a δ18OPO4 difference of 0.9‰ between 
both  tissues.  This  may  result  from  different  ontogenetic  periods  during  which  both 
skeletal  tissues  have  mineralised  and  during  which  the  animal  ingested  water  with 
different  δ18OH2O.  Hence  Δ





during  diagenetic  recrystallisation  of  the  biogenic  apatite.  Thus,  triple  oxygen  isotope 
analysis of  fossil bioapatite  from small  terrestrial mammals can be used as a diagenetic 
proxy.  Pronounced  negative  Δ17O  values  preserved  in  fossil  tooth  enamel  of  Middle 
Eocene  to  Miocene  rodents  support  the  preservation  of  the  in  vivo  oxygen  isotopic 
compositions. In contrast, the lack of a 17O anomaly in dentine of the same teeth suggests 
















that  entirely have  lost  their  in  vivo oxygen  isotope  composition  such as  all  the dentine 
samples analysed in this study. 
This  novel  triple  oxygen  isotope  approach  enhances  the  knowledge  of  oxygen  isotope 
systematics  in  modern  and  fossil  bioapatite.  It  has  the  potential  to  become  a  new 
geochemical  tool  to detect diagenesis  of  the phosphate oxygen  isotope  composition of 
biogenic apatite in small mammals. Therefore, triple oxygen isotope analysis will help to 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Fluctuations  in  atmospheric  pCO2  may  have  played  the  key  role  in  global  climate 
throughout Earth’s history. For the quantification of past variations in atmospheric pCO2, 
several  geological  proxy  approaches  and  geochemical  models  have  been  developed. 
Here, we evaluate a new CO2 proxy approach that is based on the triple oxygen isotope 
composition  (16O,  17O,  18O)  of  skeletal  apatite  of  terrestrial  mammals.  Our  approach 
utilizes  the  relation between an anomaly  in  17O of  tropospheric air O2 and atmospheric 
pCO2.  The  anomaly  is  transferred  from  inhaled  air  O2  to  skeletal  apatite  of  mammals. 
Hence,  triple  oxygen  isotope  data  of  mammalian  bioapatite  provide  information 
regarding pCO2 during the animal’s lifetime. The approach was calibrated with a detailed 
mass  balance  model  that  was  verified  by  analyses  on  a  set  of  recent  mammals.  We 











in  order  to  understand  if  CO2  was  the  cause  of  large  temperature  fluctuations  during 
Earth’s history  (Royer et al., 2001) or  if  these fluctuations were caused by other  factors 
(e.g., Veizer et al., 2000). 
A  close  coupling  of  atmospheric  CO2  partial  pressure  (pCO2)  and  global  temperature 
derived from 18O/16O‐ratios of Arctic and Antarctic precipitates is well documented from 
air inclusions in ice cores for the past 800,000 years (Petit et al., 1999; Lüthi et al., 2008). 
Because  no  ice  core  data  are  available  beyond  the  800,000 years  limit,  geochemical 
modelling (Berner, 2006a; Berner, 2006b; 2008), the 13C/12C‐ratio of pedogenic minerals, 
the  13C/12C‐ratios of phytoplankton,  stomatal  density  and  stomatal  index of  land plants 
and  the  11B/10B‐ratios  of  planktonic  foraminifera  (Royer  et  al.,  2001,  and  references 
therein)  have  been  used  to  indirectly  estimate  pCO2  throughout  geological  time. 
However, all of  these proxies have specific  limitations  (Royer et al., 2001; Pagani et al., 
2005; Roth‐Nebelsick, 2005; Kürschner et al., 2008; Pearson et al., 2009; Breecker et al., 
2010; Beerling and Royer, 2011). 





pCO2  (Luz  et  al.,  1999;  Bao  et  al.,  2008).  The  sulphate  analysed  by  Bao et al. (2008) 
inherited information about the isotope anomaly of air O2 at the time of its formation by 
subaerial oxidation of sulfide. 
In  this  contribution,  we  demonstrate  that  the  triple  oxygen  isotope  composition  of 





Mammals are heterotrophic  and  inhale air O2  to oxidatively  respire  fats,  carbohydrates 
and proteins. The reaction products (mainly H2O, CO2, and C5H4N4O3 [uric acid]) mix and 
equilibrate with body water and transfer the 17O anomaly of inhaled air to the body. The 
anomaly  is  then  transferred  to  bone  and  tooth  apatite  that  precipitates  in  isotopic 
equilibrium with body water (Longinelli and Nuti, 1973; Longinelli, 1984; Luz et al., 1984; 
Bryant  and  Froelich,  1995;  Kohn,  1996).  Knowledge  of  the  oxygen  isotope  anomaly  of 








































































      
Eq. 3.2 
VSMOW  denotes  the  international  reference  material  Vienna  Standard  Mean  Ocean 
Water. The  linearised  form of  the δ‐notation  (δ’18O, δ’17O, Hulston and Thode, 1965)  is 
defined as: 
 















































determined  to 0.529  (Barkan and Luz, 2005). This  coincides with  the high‐T equilibrium 
approximation of θ  for oxygen by Young et al. (2002).  (ii)  For  the CO2‐water equilibrium 
(2 ≤ t ≤ 37 °C), Hofmann et al.  (2012) experimentally determined a θ value of 0.522. The 















RL      Eq. 3.6
 
The  reference  line  (RL)  is  defined  by  slope  λRL  and  intercept  γRL.  For  the  slope  of  the 
reference line we use λRL and not θ as it is not controlled by a single physical process, but 
likely a mixture of high‐ and low‐T equilibrium and kinetic effects. It is important to note 
that  not  only  the  slope  but  also  the  intercept must  be  given  for  comparability  of  Δ17O 
values  from  studies  using  different  reference  lines.  Intercepts  other  than  zero  indicate 
that  VSMOW  does  not  fall  on  the  chosen  RL,  i. e.  Δ17ΟRL
VSMOW  ≠ 0.  Depending  on  the 
scientific  question,  various  studies  on  the  triple  oxygen  isotope  compositions  use 
different  reference  lines with different  slopes  and  intercepts  (e.g.,  Clayton et  al.,  1973; 








Barkan  (Earth  Science  Institute,  The Hebrew University,  Jerusalem)  relative  to VSMOW. 
Rocks and minerals fall on a line with λTFL = 0.5251 ± 0.0007 (1σ). The slope λTFL is, within 
error,  identical  to  the  slopes  reported  by  Miller (2002),  Pack et al. (2007),  and 
Rumble et al. (2007). The slope of the TFL of 0.5251  is  likely the mean exponent for the 
isotope  fractionation  between  melts,  minerals  and  fluids  at  various  temperatures  and 
pressures. We determined  the  intercept by high‐T equilibration of CeO2 with air O2  (air 
data from Barkan and Luz, 2011) and successive analysis of the CeO2 to γTFL =  
– 0.036 ± 0.018‰ (details will be presented elsewhere). Kusakabe and Matsuhisa (2008) 
report  a  Δ17O  of  NBS‐28,  which  is  0.056‰  higher  than  the  value  suggested  here.  The 
uncertainty in δ17O, however, is given as ± 0.06‰. Recently, Tanaka and Nakamura (2012) 
reported high‐precision data of Δ17O of NBS‐28 (recalculated relative to our TFL) of  






17OTFL  of  skeletal  apatite,  we  have  developed  an  oxygen  mass  balance 
model  for  Δ17OTFL  of  mammalian  bioapatite.  The  model  is  based  on  the  approach  of 



















(F)  and  respired O2  (A)  as  influxes Fi. Outfluxes Fj  are  transcutaneous water  vapor  (TR), 
water  vapor  in exhaled breath  (BR), water  in urine,  feces and  sweat  (LW),  and exhaled 
CO2 (CO2). Allometric scaling parameters ai,j and bi,j are available for the total water flux 




The uncertainty of FTW  is  1σ(log10FTW) = ± 0.24.  The amount of  inhaled O2  for  terrestrial 
herbivores scales with Mb with FA = 1.49 Mb
0.65 (Nagy et al., 1999). The uncertainty of FA is 































































A           Eq. 3.14 










Each source  i  is given a δ18Oi and a Δ17OTFL. For each sink  j,  the  isotopic  fractionation  in 
18O/16O  (expressed  as  ∆18Oj – BW = δ




2011). Meteoric water  falls  on  a  line  (MWL) with  λMWL = 0.528 ± 0.0001  (Meijer  and  Li, 
1998;  Barkan  and  Luz,  2005;  Luz  and  Barkan,  2010)  and  an  intercept  of 






to  local  meteoric  water  (Kohn,  1996).  We  assume  an  uncertainty  of  ±2‰  for  the 
fractionation between leaf water and local meteoric water. The λ‐value for the leaf water 
fractionation  line  is  λFW = 0.5216 ± 0.0008 – 0.0078 ± 0.0026 × h,  where  h  is  the 










CO2  and  H2O  to  the  body  water.  For  herbivores,  δ
18OF  can  be  approximated  from  the 
isotope composition of cellulose, which is 27‰ higher than the δ18O of leaf water (Bryant 
and  Froelich,  1995,  and  references  therein),  i.e.  δ18OF ≈ 25.5‰.  We  assume  that  this 
value  has  an  uncertainty  of  ±10‰.  As  an  approximation,  a  θF‐FW  value  in  the  range 
0.525 ≤ θ ≤ 0.53  (θF‐FW = 0.5275)  is  assumed  for  the  cellulose(F)‐water(FW)  equilibrium 















Kohn  (1996)  with  an  estimated  uncertainty  of  ±2‰.  The  associated  θA‐air  of 









The  fractionation  in  18O/16O between  transcutaneous water  vapor  (TR)  and body water 
(BW) is adopted from Bryant and Froelich (1995) with Δ18OTR‐BW = –19‰ with an assumed 
uncertainty  of  ±5‰.  As  an  approximation  for  λTR‐BW  for  the  fractionation  between 
transcutaneous  water  vapor  and  body  water,  the  slope  for  plant  respiration  at  an 
atmospheric  relative  humidity  of  h = 0.72 ± 0.05  (λTR‐BW = 0.516 ± 0.002)  has  been 













Water vapor  in exhaled air  is  in  isotope equilibrium with body water with Δ18OBR–BW = –
8.44‰  (Horita  and  Wesolowski,  1994)  with  an  estimated  uncertainty  of  ±2 ‰.  The  θ 























BW .  Exhaled  CO2  (CO2)  in  equilibrium  with  body  water 
(t = 37°C)  has  δ18OCO2 = δ18OBW + 38.8 ± 0.05‰  (Brenninkmeijer  et  al.,  1983).  The 
associated  θCO2‐BW = 0.522 ± 0.001  has  been  determined  by  Hofmann  et  al.  (2012).  The 




























































AP−BW −λTFL ×17.3‰    Eq. 3.15 
The uncertainty of the model was calculated by propagating the errors of the individual 
parameters (see Table 3.1). The error propagation was conducted by means of a Monte 




distribution  of  the  error  (log‐normal  distribution  [for  fluxes],  normal  distribution,  or 




In  this  study,  the  triple  oxygen  isotope  compositions  of  skeletal  apatite  of  17  different 
species  (19  individual  specimens)  of  modern  terrestrial  herbivorous,  omnivorous  and 
carnivorous mammals with  body masses  ranging  from  ~2 g  to  ~5000 kg were  analysed 
(Table 3.2). Preferably, samples from mammalian families with a long geologic range have 
been selected. With the exception of two elephant species (Elephas maximus, Loxodonta 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samples were subsequently heated  for 10 ‐ 15 minutes  in an Ar‐flushed horizontal  tube 




Table  3.2:  Triple  oxygen  isotope  data  from  bioapatite  of  recent  mammals.  Except  the  Phocoena 
phocoena,  all  mammals  were  terrestrial.  Given  is  the  1σ  uncertainty.  The  number  of  analyses  (n)  is 
indicated. 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1990)  in  combination  with  gas  chromatography  isotope  ratio  monitoring  gas  mass 
spectrometry (GC‐CF‐IRMS; Hofmann and Pack, 2010; Gehler et al., 2011; Hofmann et al., 
2012). Between 0.3 and 1.5 mg of bioapatite was loaded along with NBS‐28 quartz, NBS‐
120c Florida phosphate  rock and other  terrestrial  rocks and minerals with a δ18O‐range 
from  0  to  24‰  into  an  18‐pit  polished  Ni  metal  sample  holder.  After  evacuation  and 
heating  of  the  sample  chamber  to  70 °C  overnight,  materials  were  reacted  in  a  ~20 ‐




stainless  steel  molecular  sieve  trap  at  –196 °C  (liquid  N2).  The  sample  O2  was  then 
released  by  heating  to  ~120 °C  and  transported  with  He  carrier  gas  through  a  second 





open  split  valve  of  the  GasBench‐II  into  the  source  of  a  THERMO MAT  253  gas  mass 
spectrometer. The signals of 16O/16O, 17O/16O and 18O/16O were simultaneously monitored 
on  3  Faraday  cups.  The m/z = 33  signal  was  amplified with  a  1012 Ω  feedback  resistor. 
Bell‐shaped sample peaks had an amplitude of ~25 ‐ 30 V  (m/z = 32) and a  full width at 
half maximum of ~20 s. Reference O2 was injected for 40 s two times before the sample 




was  ±0.25‰,  determined  from  replicate  analyses  of  the  same  material.  The 
corresponding external reproducibility in Δ17OTFL was ±0.03 ‐ ±0.05‰. An example for the 




(m/z = 32).  The  larger  uncertainty  in  δ18O  of  sample  measurements  compared  to 
reference gas measurements can be explained in terms of mass‐dependent fractionation 
during sample gas extraction. The slightly larger uncertainty in Δ17O of samples compared 


























































one  analytical  session.  The  data  points  are  vertically 
arranged  in  the  order  they  have  been  obtained  (from 
bottom to top). The mean data for the same samples are 








bone  of  a  harbour  porpoise  (P.  phocoena)  from  the  North  Sea  has  a  δ18OAP  value  of 
17.1 ± 0.3‰ and Δ17OTFL = 0.010 ± 0.013‰ (Table 3.3). The body water of cetaceans is not 
fractionated in 18O/16O with respect to the environmental seawater they live in (Yoshida 
and Miyazaki,  1991).  The  observed  values  of  17.1 ± 0.3‰  agrees within  error with  the 
expected value of 17.3‰ from apatite‐water fractionation with δ18O = 0‰. 




2002)  and  demonstrates  that  the  equilibrium  θ  can  deviate  from  theoretical 
approximations.  It  is,  however,  in  the  same  range  as  the  θ  values  for  the  CO2‐water 
(0.522;  Hofmann  et  al.,  2012)  isotope  equilibrium  (2 °C ≤ t ≤ 37 °C).  A  similar  λ  value  is 
reported  for  the  TFL  (this  study; Miller,  2002;  Pack  et  al.,  2007;  Rumble  et  al.,  2007), 
which may be explained by a θ  for  the equilibrium  fractionation between minerals and 
fluids  that  is  in  the  range of 0.525. Only  the water‐to‐water vapor θ value  (Barkan and 
Luz,  2005)  is  identical  to  the  high‐T  approximation  of  Young  et  al.  (2002).  The  result 
demonstrates  that,  when  dealing  with  triple  oxygen  isotope  fractionation,  θ  must  be 
experimentally determined for each fractionation process. 
3.5.2 The oxygen mass balance  in comparison with  the  isotope composition of  recent 
mammals 
The mass balance equation predicts  that  the Δ17OTFL of biogenic apatite decreases with 
decreasing  Mb  and  with  decreasing   
Δ17O
TFL
air .  The  model  predicts  that  small  recent 
mammals have a Δ17OTFL  down  to –0.15‰. For mammals with Mb >10 kg  the predicted 
Δ17OTFL of bioapatite approaches zero. 
The  mass  balance  model  suggests  that  skeletal  apatite  of  small  mammals  contains  a 




mammals  (Kleiber,  1947;  Schmidt‐Nielsen 1972, 1984).  The present  isotope anomaly of 
tropospheric  O2  (Δ
17OTFL = –0.39‰)  (Barkan  and  Luz,  2011)  can  be  identified  in  the 
bioapatite of mammals with Mb <1 kg. The oxygen isotope composition of mammals with 
Mb  exceeding  1 kg  is  largely  controlled  by  isotopically  normal  drinking  and  food water, 
respectively. 
Data  from recent mammals  (Table 3.3) are used  to verify  the prediction  from the mass 
balance model. The Δ17OTFL value of skeletal apatite varies between –0.15 ± 0.01‰ (long‐
tailed field mouse, Apodemus sylvaticus) and 0.04 ± 0.02‰ (wild boar, Sus scrofa; Table 
3.3,  Fig.  3.2).  The  corresponding  δ18O  values  range  from  12  to  20‰.  The  Δ17OTFL  of 
mammalian apatite, indeed, shows a systematic decrease with decreasing body mass Mb 
(Fig.  3.2).  The  Δ17O  data  of  recent  mammals  are  within  error  in  agreement  with  the 
prediction  from  the  mass  balance  (Fig.  3.2).  Even  the  data  of  mammals  from  very 
different  locations  (elephants,  kangaroo  rat)  overlap  within  uncertainty  with  the  mass 




mass Mb.  Circles:  herbivores;  squares:  omnivores  and  carnivores;  diamond:  harbour  porpoise  (Phocoena 













than  herbivores  of  the  same  body  mass  (Fig.  3.2).  This  can  be  explained  by  a  higher 
specific  water  flux  FTW  in  shrews.  The  only  shrews  (Blarina  brevicauda,  4  individuals) 
included  in  the  study of Nagy and Peterson  (1988) have a 4 ‐ 8  times higher water  flux 
than the average total water flux rate predicted for eutherian mammals of the same body 
mass. A higher water uptake of carnivores can be related to their N‐rich protein diet and 















































































































































































more  than 68% of  the measured data  fall within  the error envelope of  the model.  This 
suggests that the error calculation is rather conservative and that the actual uncertainty 
of  the model  is  slightly  smaller.  The  variation  in  the  total water  flux  (FTW)  accounts  for 
51% of the uncertainty of the model. The variations in the flux of respired oxygen (FA) and 
the evaporative water flux (FEVA) account for 27 and 3.4% of the total uncertainty of the 
model. The estimated uncertainty  intrinsic  to  the  respiratory quotient  (Rq) accounts  for 





The  relation  between  Δ17O  of  bioapatite, Mb  and  Δ
17O  of  inhaled  air  can  be  used  to 
determine  the  Δ17O  of  past  tropospheric  O2.  The  Δ
17O  of  tropospheric  O2  is,  in  turn, 















    Eq. 3.16 
The  ratio GPPt/GPP0  is  the  gross  primary  production  (GPP)  at  time  t  normalised  to  the 








air   is  illustrated  in  Fig.  3.3  for CO2 mixing  ratios between 
270 and 2000 ppmv. 
For  the  Cenozoic,  Beerling  (1999)  suggested  an  increase  of  GPP  from 
GPP0 = 31 Pmol O2 yr
–1  to  GPP50 Ma = 71 Pmol O2 yr
–1.  We  calculate  pCO2  according  to  3 
different scenarios with respect to GPP over the  last 50 Ma (Fig. 3.5).  In a  first scenario 
(A), GPP is assumed to have been constant over the past 50 Ma. In a second scenario (B), 





















22‰ with  Δ17OTFL  varying  between  –0.18‰  (Masillamys  sp;  Eocene,  Lutetian;  Messel, 
Germany)  and  –0.07‰  (Rodentia  indet.;  Miocene,  Langhian;  Steinberg/Ries,  Germany; 
Table 3.4). CO2 concentrations are listed in Table 3.4. 
The data suggest a decrease in pCO2 over the past 50 Ma (Fig. 3.6). The data for scenario 
A  (i.e.  GPPt/GPP0 = 1  over  the  past  50 Ma)  are  in  best  agreement  with  other  proxies 
(Beerling and Royer, 2011) as well as the GEOCARBSULFvolc mass balance model (Berner 
2006a, b, 2008). The scenarios with a linear (B) and with a curved (C) increase in GPP from 
present  to  the  elevated  GPP  as  predicted  by  (Beerling,  1999)  for  the  time  50 Ma  ago 
would imply higher pCO2 (e.g. ~1700 ppmv) for the Middle Eocene (Messel, 47 Ma). Other 
proxies and geochemical modelling suggests only ~750 ppmv for the same time. The large 









air  O2.  It  is  analytically  resolvable  in  the  apatite  of  small  (<1 kg)  terrestrial 
mammals. 
• The  triple oxygen  isotope exponent  for  the apatite‐water  fractionation  is θapatite‐
water = 0.523 ± 0.002  (t = 37 °C)  and  deviates  from  the  high‐T  approximation  of  θ 
for  oxygen.  The  datum  shows  that  when  dealing  with  complex  isotope 




uncertainty  in  the  oxygen  mass  balance  with  respect  to  Δ17OAP  is  due  to  the 
variability in physiological parameters of the total water flux (FTW), the metabolic 
rate (FA), the evaporative water flux (FEVA). 
• The Δ17OAP of  tooth enamel of small  fossil mammals can be used as palaeo‐CO2‐
barometer.  Data  from  Cenozoic  mammals  agree  within  uncertainty  with  other 
proxies and geochemical modelling if GPP was similar to today. 
• When  considering  all  possible  uncertainties  and  applying  rigorous  error 
calculation,  we  obtain  an  uncertainty  of  the  pCO2  reconstruction  that  is 
comparable  to other  proxies  and mass  balance modelling.  Comparison between 
model and data suggest that the variations of the physiological parameters (total 
water  flux  FTW,  respiration  rate  FA)  may  actually  be  smaller  than  inferred  from 
measured field data. 






of  the  samples  of  the  recent  fauna.  Additional  samples  of  modern  mammals  were 
provided by M. Brecht, B. von Bülow, F. Mayer, L. Maul, M. Reich and B. Wuntke. Further 
thanks are due to K. Heissig, T. Lehmann, G. Rößner, M. Rummel, S. Schaal and T. Tütken 








































































































































































































ago. Whereas  the  CIE  and  the  temperature  rise  are  well‐documented  by  a  number  of 
terrestrial  and marine proxies,  the carbon  source  responsible  for  the CIE as well  as  the 




from  the oxygen  composition of mammalian bioapatite. Here we present  triple oxygen 
isotope  data  of  tooth  enamel  from  the  genus  Ectocion  (Mammalia,  Condylarthra, 
Phenacodontidae)  from PETM  strata  of  the Clarks  Fork Basin  (Wyoming, USA) with  the 
intent to help towards an enhanced understanding of this „ancient carbon mystery“, as it 
has been referred to by an earlier study. Our results are consistent with existing estimates 
of  PETM  temperature  change  but  do  not  suggest  any  extremely  large  fluctuations  in 







an abrupt climate change  in conjunction with a  large negative carbon  isotope excursion 
(CIE), ocean acidification and enhanced terrestrial runoff during a period lasting less than 
200,000 years (McInerney and Wing, 2011 and refs. therein). Within this period, a global 





the  addition  of  several  Gt  of  13C‐depleted  carbon  into  the  exogenic  carbon  cycle 
(McInerney  and Wing,  2011  and  refs.  therein).  Considering  the  atmospheric  CIE  to  be 
between –4 and –5‰ (Diefendorf et al., 2010; Cui et al., 2011; McInerney and Wing, 2011 
and refs. therein), the suggested amount of carbon needed to cause this negative carbon 
isotope shift  ranges between 2200 and 153,000 Gt, primarily depending on  the  isotope 
composition of its carbon source and secondarily on the used model approach (Panchuk 
et  al.,  2008;  Zeebe  et  al.,  2009;  Cui  et  al.,  2011;  Dickens,  2011  and  refs.  therein; 
McInerney  and  Wing,  2011  and  refs.  therein).  Possible  carbon  sources  are  biogenic 
methane  (i.e.  methane  clathrates,  δ13C  ~ –60‰),  thermogenic  methane  or  permafrost 
soil  carbon  (δ13C  ~ –30‰),  carbon  released  due  to  wildfires  or  by  desiccation  and 





refs.  therein) has been  the most  convincing hypothesis  to explain  the CIE  for  years but 
after  the  emergence  of  substantial  scepticism  it  is  still  debated  controversially  and 
evidence  for  the  involvement  of  other  carbon  sources  –  exclusively  or  additional  –  is 
discussed  critically  (e.g.  Higgins  and  Schrag,  2006;  Dickens,  2011  and  refs.  therein; 
McInerney and Wing, 2011 and refs. therein). 
















In  an  alternative  approach,  Currano  et  al.  (2008;  2011)  try  to  connect  increased  insect 
herbivory during  the PETM to three to  four  times  increased atmospheric CO2  levels but 
cannot  convincingly  prove  that  this  is  not  an  effect  of  higher  insect  diversity  and 
population density due to the elevated temperatures. 
Here  we  report  triple  oxygen  isotope  data  of  tooth  enamel  bioapatite  of  the  genus 
Ectocion  (Mammalia,  Condylarthra,  Phenacodontidae)  from  the  Late  Clarkforkian  and 
Early  Wasatchian  of  the  Clarks  Fork  Basin  (Wyoming,  USA).  The  analysed  samples 
originate from strata shortly before, within and after CIE and PETM, with the attempt to 
expand  the  current  knowledge  of  temperature  and  CO2  concentration  change  through 
the  Palaeocene‐Eocene  transition.  Our  approach  enables  to  record  both,  temperature 
and CO2 fluctuations, from a single proxy.  It  is  (1) based on the well‐studied connection 
between  the  oxygen  composition  of  mammalian  bioapatite  and  air  temperature  (e.g. 
Longinelli,  1984;  Luz  et  al.,  1984)  and  (2)  on  a  recently  published  finding  of  a  relation 






the  international  isotope  reference  standard  Vienna  Standard  Mean  Ocean  Water 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Eq. 4.4 
 



























4.3  Oxygen  isotopes  in  mammalian  bioapatite  and  its  palaeoclimatic 
relevance 
The oxygen isotope composition of mammalian body water is determined by its different 




and  it  has  been  demonstrated  that  it  is  possible  to  relate  the  δ18O  of  mammalian 
bioapatite  to  the  oxygen  isotope  composition  of  drinking  water  (i.e.  environmental 
surface  water,  δ18OSW)  by  empirically  developed  calibration  equations  or  by  modeling 
approaches  (Longinelli,  1984;  Luz  et  al.,  1984;  Luz  and  Kolodny,  1985;  D'Angela  and 
Longinelli,  1990;  Bryant  and  Froelich,  1995;  Kohn,  1996). Due  to  the  strong  correlation 
between the oxygen isotope composition of δ18OSW and mean annual (air) temperatures 




Studies relying on this principle already exist  for  the Paleocene‐Eocene transition  in the 
Clarks  Fork  and  Bighorn  Basin  (Wyoming,  USA)  on  various  mammalian  taxa,  targeting 
either  the  carbonate  oxygen  component  (δ18OCO3)  of  mammalian  tooth  enamel,  the 
Chapter 4 – Temperature change and pCO2 across the PETM 
 69 
phosphate  oxygen  component  (phosphate  (δ18OPO4)  or  both  in  a  combined  approach 
(Koch et al., 1995; Fricke et al., 1998; Fricke, 2003; Fricke and Wing, 2004; Secord et al., 
2008; Secord et al., 2010; Secord et al., 2012). 
Those  studies  can  rely  solely  on  δ18O,  because  in  nearly  all  terrestrial  fractionation 
processes, δ18O is correlated to δ17O by the equation δ17O ~0.52 × δ18O (Eq 3, e.g. Sharp, 
2007 and refs. therein). 









Recently,  Pack  et  al.  (in  press)  demonstrated  that  a  portion  of  this  anomaly  can  be 
detected in mammalian skeletal tissue due to transfer from inhaled air to body water and 
respectively to bioapatite. The magnitude of the 17O‐anomaly in mammalian bioapatite is 
connected  to  the  fraction  of  inhaled  anomalous  air  O2  in  relation  to  the  other  oxygen 
sources.  For  physiological  reasons,  the  anomaly  increases  in mammalian  skeletal  tissue 
with decreasing body mass (Pack et al., in press). 
In the same study, Pack et al. (in press) evaluated the potential of Δ17O values from fossil 
mammalian  bioapatite  as  a  proxy  to  estimate  palaeo‐CO2  concentrations  by 
reconstructing  the  Δ17O  of  ancient  tropospheric  O2,  which  is  linearly  related  to  the 
atmospheric  pCO2  (Bao  et  al.,  2008).  The most  suitable  taxa  for  an  application  of  this 
method  should  have  a  body  weight  as  small  as  possible  (to  ensure  a  high  portion  of 
inhaled anomalous air oxygen  in respect to the other oxygen sources) but  large enough 







We  have  sampled  teeth  from  jaws  as  well  as  isolated  teeth  from  the  phenacodontid 
genus Ectocion  (E. osbornianus  and E. parvus)  from  the Clarks  Fork Basin  (Sand Coulee 
area)  in  north‐western  Wyoming,  USA  (e.g.  Gingerich  and  Smith,  2006).  The  samples 
cover a time interval of several mammalian biozones, from the Late Clarkforkian (Cf‐3) to 
the Early Wasatchian  (Wa‐2), encompassing  the PETM. All  samples were acquired  from 
the collections of the Museum of Paleontology at the University of Michigan, Ann Arbor 
(localities  SC‐002,  SC‐011,  SC‐067,  SC‐107,  SC‐138  and  SC‐161)  and were  casted  before 
the destructive  sampling. Only  second molars  (M2) were used  for  the present  study  to 
obtain highest possible comparability. 
Due  to  its  higher  resistance  to  post‐depositional  diagenetic  alteration  (e.g.  Kohn  and 
Cerling,  2002; Gehler  et  al.,  2011  and  refs.  therein),  only  tooth  enamel  carefully  hand‐
picked under a binocular prior to the pretreatment was used for the present study. 
4.4.2 Sample pretreatment 
To  ensure  analysis  of  the  phosphate  oxygen  isotope  composition  (δ18OPO4)  only,  other 
oxygen bearing  components of  the  sample material  (e.g. organic matter,  sorbed water, 
structural  carbonate,  OH–  groups)  were  removed  by  treating  the  tooth  enamel  in  an 
argon‐flushed horizontal tube furnace for 10 to 15 minutes at 1000°C. Subsequently, the 
samples  were  cooled  down  to  below  100°C  still  in  an  Ar atmosphere  followed  by  an 
immediate  storage  in  a  desiccator  until  analysis  (Pack  et  al.,  in  press).  This  procedure 
follows Lindars et al. (2001), who demonstrated a safe removal of all these compounds at 
temperatures  between  850  and  1000  °C.  The  argon  is  used  to  avoid  exchange  with 
atmospheric water which was  reported  to  be  a  problem by  Lindars  et  al.  (2001) when 
heating their samples to 1000°C in ambient air. 
4.4.3 Triple oxygen isotope analysis 
The  oxygen  was  released  from  the  samples  by  infrared  (IR)  laser  fluorination  (Sharp, 
1990)  and  analysed  by  gas  chromatography  isotope  ratio  monitoring  gas  mass 





(Loxodonta  africana)  as  an  internal  standard  and  ~0.2 mg  NBS 28  quartz.  Following 
evacuation and heating of the sample chamber to 70°C for at least 12 hours, fluorination 
was  implemented  by  heating  the  samples  with  a  SYNRAD  50 W  CO2‐laser  in  a  ~20 ‐
 30 mbar atmosphere of F2 gas, purified according to Asprey (1976). Liberated excess F2 
was  reacted with  heated  NaCl  (~180°C)  to  NaF  and  Cl2,  the  latter  was  cryotrapped  by 
liquid N2 until all samples were analysed. Sample O2 was then cryofocused on a molecular 
sieve trap at –196°C (liquid N2), afterwards expanded  into a stainless steel capillary and 
transported  with  He  as  carrier  gas  through  a  second  molecular  sieve  trap,  where  a 
fraction of the sample gas was again cryofocused at –196°C. After releasing  it back  into 
the He carrier gas  stream by heating  it  in a hot water bath  (~92°C),  the sample O2 was 
purified  by  passing  it  through  a  5 Å molecular  sieve  GC‐column  of  a  Thermo  Scientific 
GasBench II  and  injected via an open split  valve of  the GasBench II  into  the source of a 
Thermo MAT 253 gas mass spectrometer. The signals of 16O16O, 17O16O and 18O16O were 








A  total of 72  single  laser  fluorination analyses  from 14 different Ectocion  tooth enamel 








4.1; 4.2)1.  This  is  in  good agreement with previous data on δ18OPO4  (Fricke et  al.,  1998; 
Secord et al., 2010) as well as on δ18OCO3 (Koch et al., 1995; Fricke et al., 1998; Secord et 
al., 2010)  from mammals  covering  in part  the biozones of  the present  study within  the 
region.  To  estimate  the  change  of  δ18OSW  from  δ
18OPO4,  Secord  et  al.  (2010)  used  the 
relationship Δ18OSW = 1.32 × Δ18OPO4 for modern herbivorous mammals adapted from  
Kohn (1996) as a general basis. 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Table  4.1:  Analytical  results  (±1σ)  of  δ18OPO4  and  Δ
17O  of  tooth  enamel  from  2nd  molars  of  Ectocion 




       
         
Applying this to our data, δ18OLW became enriched by 2.9‰ from Cf‐3 to Wa‐0 followed 
by a depletion of 2.1‰ until Wa‐2 (Table 4.2). 
As  the  δ18OLW/MAT  slope  is  sensitive  to  the  latitudinal  gradient  and  other  factors  (e.g. 
Fricke and O'Neil, 1999) an important precondition to estimate the corresponding change 
in temperature is to adapt this slope as well as possible to early Cenozoic conditions. The 
modern  temperature  dependence within  a MAT  of  0  to  20°C  ranges  between  0.5  and 
0.6‰  per  °C  (Rozanski  et  al.,  1992;  Rozanski  et  al.,  1993;  Gourcy  et  al.,  1997).  With 





0.36).  These  results  are  in  general  agreement  with  previous  studies  from  Fricke  et  al. 
(1998)  and  Secord  et  al.  (2010)  based  on  tooth  enamel  δ18OPO4  of  Coryphodon  and 
Phenacodus, respectively. Calculated on the same basis, the data from Fricke et al. (1998) 
indicate  a  temperature  increase  of  6.2°C  (6.7°C)  from  Cf‐2  to Wa‐0  and  a  decrease  of 
4.6°C  (5.0°C)  from  Wa‐0  to  Wa‐32.  The  data  from  Secord  et  al.  (2010)  suggest  a 
temperature  increase  of  7.2°C  (7.8°C)  from Cf‐3  to Wa‐0,  if mean biozone  values were 
taken into account (Table 4.2).
                                                 
2 Fricke et al. (1998) assign sample no. 83517 to Wa‐1. However, if the sample number is correct it 
belongs to the 1750 m level and consequently should be assigned to Wa‐3a. 
Fig.  4.1:  Analytical  results  of  δ18OPO4 
(±1σ)  of  Ectocion  (blue  dots,  this  study; 
Table 4.1), Phenacodus (green diamonds; 
Secord et al., 2010)  and  Coryphodon 
specimens  (brown  diamonds;  Fricke  et 
al.,  1998).  Grey  dots  represent  mean 
biozone  values  of  Ectocion  (this  study). 
Missing  error  bars  indicate  single 
analyses. The stratigraphic meter  level  is 







Tooth  enamel  of  the  investigated  Ectocion  specimens  has  a  small  but  distinct  17O 
anomaly, ranging between –0.04 and –0.1‰ (Table 4.1). Using the model of Pack et al. (in 
press), which has been developed  for  terrestrial herbivorous mammals,  it  is possible  to 
estimate  the  Δ17O  of  inhaled,  isotopically  anomalous  air  oxygen.  Body  weights  of  E. 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al.,  2010),  and  a  single  estimate  from  δ13C  of  fossil  liverworts  (Fletcher  et  al.,  2008) 
suggests  a  considerably  higher  pCO2  of  ~1900 ppm  for  the  Early  Eocene.  Following 
Beerling  and  Royer  (2011),  Palaeocene  and  Eocene  pCO2  estimates  from  δ11B  of 
planktonic  foraminifera were  not  considered  for  the  present  comparison.  Geochemical 
modeling  (GEOCARBSULFvolc,  Berner,  2006a;  Berner,  2006b;  Berner,  2008)  predicts 


































The model  of  Zeebe et  al.  (2009)  proposes  an  increase  in pCO2  from a pre‐PETM 1000 





–60‰ are assumed as  the potential carbon source  (increase  in pCO2  from a baseline of 
835 ppm to ~1500 ppm). Also the mass balance presented by McInerney and Wing (2011) 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In  contrast, McInerney  and Wing  (2011)  propose  a pCO2  increase  to  ~3000  ppm  if  the 
release  of  thermogenic methane  or  permafrost  soil  carbon  (10,000 Gt  C,  δ13C  ~–30‰) 
would have induced the same CIE. 
For a carbon input with a δ13C of ~–22‰ from wildfires and/or desiccation and oxidation 





be  6,800  Gt  to  trigger  a  CIE  of  –4‰,  associated  to  an  increase  in  pCO2  to  levels 
considerably above 2000 ppm. 
Those high pCO2 estimates for CIE carbon sources other than methane clathrates are not 
supported by  the results of  the present study, providing new  independent evidence  for 
the  initial  idea of Dickens  et  al.  (1995).  Furthermore,  a  considerable number of  doubts 
that  have  been  proposed  for  the  methane  clathrate  scenario  within  the  last  decade 
recently turned out to be not well constrained. One of the most discussed arguments is 
that  the  respective  pCO2  is  insufficient  to  explain  the  PETM  temperature  increase. 
However,  alternative mechanisms,  such  as  direct  radiative  forcing  due  to  an  increased 
pCH4  and  associated  indirect  effects  (Schmidt  and  Shindell,  2003;  Zeebe  et  al.,  2009; 
Dickens, 2011; Kurtén et al., 2011) may explain this objection. A proposed too small size 
of Early Palaeogene methane clathrate reservoirs (Buffet and Archer, 2004), has recently 











Triple oxygen  isotope analysis of  fossil mammalian bioapatite has the potential  to trace 
fluctuations  in  temperature  and  CO2  levels  simultaneously,  representing  a  strong  new 
tool  in  palaeoclimatological  research.  Our  data  agree  well  with  previous  temperature 
change estimates from the oxygen isotope composition of mammalian tooth enamel and 
other proxies across the Palaeocene‐Eocene transition as well as to various existing proxy 
data  for  Late  Palaeocene  and  Early  Eocene pCO2.  As  the  analysed  samples  of  Ectocion 
directly  derive  from pre‐,  peak‐  and  post‐PETM/CIE  strata,  it  has  been  possible  for  the 
first time to gain insight into the respective CO2 concentration change. The results suggest 
that  PETM  CO2 levels  did  not  exceed  1550 ppm  and  therefore  strongly  support  the 
hypothesis  that  the  dissociation  of  methane  clathrates  contributed  at  least  the  major 
portion of depleted 13C responsible for the CIE. 
Acknowledgements 
The  authors  are  grateful  to  G.  Gunnell  for  support  in  selection  and  shipment  of  the 
samples and for providing detailed sample information. 
For  the assistance during sample pretreatment and  isotope analysis,  the authors would 
like to thank N. Albrecht, A. Höweling, C. Seidler and M. Troche. Verena Bendel is thanked 
for technical assistance during preparation of the figures and evaluation of the data, for 
careful  proofreading,  the  authors  are  grateful  to  Vanessa  Roden  and Wiebke  Kallweit. 
























































































































































































































































The  oxygen  (δ18O)  and  carbon  (δ13C)  isotope  compositions  of  bioapatite  from  skeletal 
remains  of  fossil  mammals  are  well‐established  proxies  for  the  reconstruction  of 
palaeoenvironmental  and  palaeoclimatic  conditions.  Stable  isotope  studies  of  modern 
analogues  are  an  important  prerequisite  for  such  reconstructions  from  fossil  mammal 












bioapatite  was  determined,  and  δ18O  values  were  compared  to  existing  calibration 
equations  between  the  δ18O  of  rodent  bioapatite  and  local  surface  water  (δ18OLW). 
Chapter 5 – Oxygen and carbon isotope variability in rodents 
 85 
Specific  calibration  equations  between  δ18OPO4  and  δ
18OLW  may  be  applicable  on  a 
taxonomic  level  higher  than  the  species.  However,  a  significant  bias  can  occur  when 
bone‐based  equations  are  applied  to  tooth‐data  and  vice  versa,  which  is  due  to 





larger  mammals  were  observed.  However,  for  refined  palaeoenvironmental 
reconstructions a better understanding of stable isotope signatures in modern analogous 
communities  and  potential  biases  due  to  seasonality  effects,  population  dynamics  and 
tissue formation rates is necessary. 
5.1 Introduction 
Stable  isotope  compositions  of  mammalian  bioapatite  are  widely  used  proxies  in 
palaeoenvironmental  and  palaeodietary  studies.  Starting  with  pioneering  research  on 
carbon  (DeNiro  and  Epstein,  1978)  and  oxygen  isotopes  (Land  et  al.,  1980;  Longinelli, 




infer  air  temperature,  climate  seasonality,  relative  humidity  or  aridity  of 




resource  partitioning  and  habitat  use  (e.g.,  Kohn  and  Cerling,  2002  and  references 
therein;  Cerling  et  al.,  2004;  MacFadden  and  Higgins,  2004;  Feranec  and  MacFadden, 
2006; Tütken et al., 2006; Drucker et al., 2008; Tütken and Vennemann, 2009). 
For  various  reasons,  especially  to  allow  easier  sampling  and  acquisition  of  sufficient 








fossil  small  rodents  (Rogers  and Wang,  2002; Grimes  et  al.,  2003;  2004a;  2004b;  2005; 
Navarro et al., 2004; Hopley et al., 2006; Yeakel et al., 2007; Tütken et al. 2006; Ruddy, 
2008; Heran et al., 2010; Tóth et al., 2010; Hynek et al., 2012). However, for an improved 
understanding  of  oxygen  and  carbon  isotope  compositions  in  bioapatite  of  fossil  small 
rodents,  communities  of modern  analogues  have  to  be  studied  extensively  in  order  to 
investigate  inter‐  and  intra‐specific  variabilities.  This  has  been  done  repeatedly  for 
selected large mammals (e.g., Bocherens et al., 1996; Fricke and O’Neil, 1996; Kohn et al., 
1996;  Clementz  and  Koch,  2001;  Hoppe  et  al.,  2004;  2005;  Hoppe,  2006; Wang  et  al., 
2008) but no comparable study has been conducted on small mammals  so  far.  It  is  the 
aim of the present study to investigate such variations for small mammals. Such studies 
are  fundamental  in order  to evaluate  the number of  individuals needed  for  statistically 
significant results and to ascertain whether species‐specific calibrations or calibrations on 
a  higher  taxonomic  level  are  suitable  for  the  reconstruction  of  the  oxygen  isotope 
composition of local surface water. Furthermore, the intra‐individual variability between 
bones  and  permanently  growing  teeth  as  well  as  the  intra‐jaw  variations  need  to  be 




individuals. The samples derive  from owl pellets of a  locality  in northwestern Germany, 




Additionally,  oxygen  isotope  analyses  of  coexisting  carbonate  (δ18OCO3)  and  phosphate 
(δ18OPO4)  in  rodent  bioapatite  were  conducted  on  water  voles  (Arvicola  terrestris).  In 
order to determine  if  it  is possible to make a correct estimation of the δ18OLW from the 

















water, which  in  turn  is  controlled  by  the  oxygen  isotope  compositions  of  the  different 
oxygen  input  sources  (drinking water,  food water,  air  oxygen, organic  food  compounds 
and water vapour  in air)  and oxygen output  fluxes  (exhaled CO2,  liquid water  in  sweat, 
urine  and  feces  as  well  as  orally,  nasally  and  transcutaneously  released water  vapour) 
[(e.g., Luz and Kolodny, 1985; Bryant and Froelich, 1995; Kohn, 1996). The oxygen isotope 
composition of mammalian body water is  linearly related to that of their drinking water 
(i.e.,  local  surface water)  for  those mammals with  an  obligate  drinking  behaviour  (e.g., 





1997;  Fricke  and  O’Neil,  1999),  (palaeo‐)climatic  conditions  can  be  inferred  from  the 
oxygen isotope composition of the skeletal remains of fossil mammals (e.g., Tütken and 
Vennemann, 2009 and references therein). 
In  bioapatite,  oxygen  is  present  in  the  phosphate,  carbonate  and  the  hydroxyl  groups 
(Kohn  and  Cerling,  2002).  The  average  offset  between  δ18OPO4  and  δ
18OCO3  in  skeletal 
apatite of different mammal taxa is around 9‰. This offset ranges from 7.5 to 11.4‰ in 
the  previously  investigated  modern  taxa  (Bryant  et  a.,  1996;  Iacumin  et  al.,  1996; 
Shahack‐Gross et al., 1999; Zazzo, 2001; Zazzo et al., 2004; Martin et al., 2008; Kirsanow 
and  Tuross,  2011).  Both,  δ18OPO4  and  δ
18OCO3,  can  be  used  to  track  the  oxygen  isotope 






The  carbon  isotope  composition  of  mammalian  bioapatite  is  controlled  by  that  of 
ingested  food  (i.e.,  plant  material  in  herbivores)  (DeNiro  and  Epstein,  1978)  and  can 
therefore be used to investigate dietary preferences. Furthermore, the knowledge of the 
carbon  isotope composition of  ingested plant material can mirror specific habitats, type 
of  vegetation  cover  (i.e.,  C3  versus  C4  plants)  and  density,  as well  as  ecological  niches, 
feeding behaviour and seasonal changes of diet (e.g., Tütken and Vennemann, 2009 and 
references therein). 
Significant  differences  in  the  carbon  isotope  composition  of  plants  are  induced  by 







specific  taxa,  overlapping with  both C3  and C4  plants  (e.g.,  Bender  et  al.,  1973; Deines, 
1980; Ting, 1985). However, CAM plants represent only about 4% of all  terrestrial plant 
species  (Bowes, 1993)  and are mostly  succulents  (Sayed, 2001), playing a minor  role  in 
the nutrition of most herbivorous mammals.  Thus,  a distinction between browsing and 
grazing  herbivores  based  on  bioapatite  δ13C  values  is  possible,  as  shown  by  numerous 
palaeodietary studies (e.g., Quade et al., 1992; MacFadden et al., 1994; 1999; MacFadden 






assimilating  CO2,  depleted  in 




der  Merwe  and  Medina,  1989;  1991;  Cerling  et  al.,  2004).  C3  plants  in  arid,  open 
environments have  the highest δ13C values, up  to –21‰ (Ehleringer and Cooper, 1988; 
O’Leary,  1988;  Farquhar  et  al.,  1989).  Those  variations  are  also  visible  in  the  carbon 
isotope  composition  of  bioapatite  from  modern  and  fossil  mammals  living  in  C3‐
environments  and  reflect  differences  in  habitat  use  and/or  resource  partitioning  (e.g., 
Quade  et  al.,  1995;  Harris  and  Cerling,  2002;  Drucker  et  al.,  2003;  Cerling  et  al.,  2004; 
MacFadden  and  Higgins,  2004;  Feranec  and MacFadden,  2006;  Feranec,  2007;  Nelson, 
2007;  Zanazzi  and  Kohn,  2008;  Tütken  and  Vennemann,  2009).  Terrestrial  C3  plant 
ecosystems  date  back  to  the  Palaeozoic  and  are  typical  for most  parts  of  the modern 
northern hemisphere (e.g., Still et al., 2003).  
The carbon isotope composition of mammalian bioapatite is enriched by several per mil 
compared  to  the  respective  diet.  Reported  enrichment  factor  values  range  from  9  to 
15‰, depending on the digestive physiology of the investigated taxa (e.g., Passey et al., 
2005 and references therein). 
5.2.3  Stable  carbon  and  oxygen  isotopes  from  bioapatite  of  fossil  small  rodents  and 
case studies on modern material 
Mammals evolved  in  the Late Triassic and  retained  relatively  small body size until  their 
radiation after the Cretaceous‐Palaeogene transition (Kemp, 2007). Rodents first appear 
in  the  Palaeogene  fossil  record,  and  fossil  rodent  remains  are  widespread  in  Cenozoic 
terrestrial deposits, often in high numbers, accumulated predominantly by ancient avian 
predators.  As  reviewed  by  Grimes  et  al.  (2008),  one  of  the main  advantages  of  stable 
isotope studies on small mammals relative to large taxa is the higher abundance of small 
mammals  in  the  fossil  record,  which  enhances  their  availability.  Furthermore,  small 
mammals  display  a  rapid  evolution  of  their  morphology,  and  hence  small  mammal 
remains  are  often  index  fossils  for  Cenozoic  strata  that  enable  a  good  biostratigraphic 
resolution.  Additionally,  most  small  mammals  occupy  a  very  restricted  habitat,  lacking 
long distance migratory behaviour,  thus reflecting  local palaeoenvironmental conditions 
more precisely than large mammals. Possible disadvantages compared to large mammals 
concerning  the  oxygen  isotope  composition  may  be  a  smaller  proportion  of  drinking 





Specific  calibration  equations between δ18OPO4  and δ
18OLW have been developed  in  the 
past  for  laboratory  rats  (Luz  and  Kolodny,  1985), wild murids  (D’Angela  and  Longinelli, 
1990;  Longinelli  et  al.,  2003)  and wild  arvicolids  (Longinelli  et  al.,  2003; Navarro  et  al., 
2004).  During  the  last  decade,  the  oxygen  isotope  composition  of  bioapatite  of  fossil 
small  rodents  has  been  used  in  an  increasing  number  of  studies,  targeting  Palaeogene 
(Grimes  et  al.,  2003;  2004b;  2005;  Heran  et  al.,  2010),  Neogene  (Tütken  et  al.,  2006; 
Heran et al., 2010; Tóth et al., 2010) and Pleistocene (Rogers and Wang, 2002; Navarro et 




To  date,  very  little  is  known  about  the  inter‐  and  intra‐population  variability  between 
individuals  from  the  same  locality,  as well  as  about  variations  between  different  teeth 
and  bone material  within  a  single  individual.  Only  one  study  (Lindars  et  al.,  2001)  has 
investigated intra‐population and intra‐jaw variations (δ18OPO4) in small rodents based on 
a  small  number  of  samples  of  fat  dormice  (Glis  glis,  n=3)  from  Great  Missenden 
(Buckinghamshire, UK) and wood mice (Apodemus sylvaticus, n=5) from Dungeness (Kent, 
UK).  From  these  results,  Lindars  et  al.  (2001)  concluded  that  a  quantity  of  >5  different 
post‐weaning  teeth  should  be  used  for  isotope  palaeo‐thermometry.  Further  intra‐









The  samples  originate  from  fresh  barn  owl  (Tyto  alba)  pellets  accumulated  over  a 
maximum  of  four  years,  collected  in  April  1995  at  “Hof  Gülker”,  located  in  the  nature 
reserve Rhader Wiesen, about 9 km north of Dorsten, North Rhine‐Westphalia, Germany 
(Fig. 5.1) and are part of the original material from Bülow (1997). Long term mean annual 
local  temperatures  in  this  region  (IAEA‐GNIP  station  Emmerich)  average  10°C,  and  the 
mean annual precipitation is 744 mm. The long term weighted mean of the monthly δ18O 
record  of  local  precipitation  between  1980  and  2005  is  –7.3‰.  Considering  only  the 
period from April 1991 to April 1995 of owl pellet deposition, and hence the most likely 
time interval when the analysed rodents lived and mineralised their bones and teeth, the 







Fig.  5.1:  Map  showing  the  sampling  locality 
Rhader  Wiesen  near  Dorsten,  North  Rhine‐
Westphalia,  Germany  (red  star)  and  the 
closest IAEA‐GNIP station to it (blue dot). 
 
Fig.  5.2:  Mean  long‐term monthly  δ18O  record 






The  rodent  skeletal  material  belongs  to  the  four  arvicolid  species  Arvicola  terrestris, 
Myodes glareolus, Microtus  agrestis  and Microtus  arvalis  as well  as  to  the  three murid 
species  Apodemus  sylvaticus,  Mus  musculus,  and  Rattus  norvegicus.  From  the  latter 
species,  the  owl  pellets  contained  only  juvenile  individuals.  The  analysed  teeth  were 
permanent  growing  (arvicolid  and  murid  incisors  and  most  arvicolid  molars),  thus 
reflecting  the  last  four  to  twelve weeks  in  the  life  of  the  respective  individual  prior  to 
death  (Koenigswald  and  Golenishew,  1979;  Klevezal  et  al.,  1990).  Bone  material 
comprises  stable  isotope  compositions  over  a  longer  time  period,  approaching  the  life 
span of  the  individual  (e.g.,  Klevezal,  1996), which  in  the present  case  is  the  time until 
predation by barn owls. None of the analysed taxa hibernate. 





magnitude  larger  than  the  early  spring  population)  in  late  summer  (e.g.,  Stubbe,  1982; 




and  probably  in  fossil  ecosystems  as  well.  Analogous  conditions  for modern  and  fossil 








Only  teeth  from  taxonomically  identified  jaw  specimens  were  used  for  stable  isotope 














0.05 ml mg‐1)  and  rinsed  again  five  times  with  millipore  water,  followed  by  drying 
overnight at 50°C. Typically, 1 to 1.3 mg of pretreated sample powder were reacted for 15 
min. with 100% H3PO4 at 70°C in a Thermo Scientific KIEL IV automated carbonate device. 
Released CO2 was measured  in dual  inlet mode with a Finnigan Delta plus  isotope ratio 
gas mass spectrometer at the stable isotope laboratory of the Geoscience Center at the 
University of Göttingen. The measured isotope compositions were normalised to the NBS 
19  calcite  standard, measured  in  the  same  runs  together with  the  bioapatite  samples. 




δ 18O or δ 13C ‰( ) = Rsample /Rstandard( )−1⎡⎣ ⎤⎦ ×1000,  
where  Rsample  and  Rstandard  are  the 
18O/16O  and  13C/12C  ratios  in  sample  and  standard, 
respectively. 
The analytical precision for the NBS 19 was ± 0.1‰ (1σ) in δ18O and ± 0.04‰ (1σ) in δ13C 
(n  =  232,  analysed  between  November  2010  and  February  2012).  For  the  NBS  120c 
Florida  phosphate  rock  standard  (pretreated  as  described  above),  we  obtained  a  δ18O 
value of 30.0 ± 0.2‰ (1σ) and a δ13C value of –6.4 ± 0.04‰ (1σ)  (n = 10). Our  internal 
bioapatite standard AG‐Lox (African elephant enamel) had a δ18O value of 30.0 ± 0.08‰ 
(1σ)  and  a  δ13C  value  of  –12.0 ± 0.03‰  (1σ)  (n  =  11).  For  inter‐laboratory  comparison, 





Analyses  of  the  phosphate  moiety  of  the  bioapatite  (δ18OPO4)  were  conducted  on  the 
incisors, M1 and bone material from five of the Arvicola terrestris specimens. 
Ag3PO4 was precipitated from about 4 mg of the pretreated sample powder (see section 
above), using a method  slightly modified after Dettmann et al.  (2001) and described  in 
detail  by  Tütken  et  al.  (2006).  For  dissolution  of  the  samples,  0.8 ml  of  HF  (2 M) were 
added, and the sample vials were put on a vibrating table for 12 h. This was followed by 
centrifugation  and  transfer  to  new  vials  of  the  supernatant  sample  solutions,  leaving 
behind the CaF solid residue. After neutralising the HF solution with NH4OH (25%) in the 
presence of bromothymol blue as pH‐indicator, Ag3PO4 was precipitated rapidly by adding 
0.8 ml  of  2 M  silver  nitrate  (AgNO3)  solution. After  settling  of  the  small  Ag3PO4  crystals 
and centrifugation, the supernatant solution was pipetted off and the Ag3PO4 was rinsed 
twice  with  1.8 ml millipore  water.  The  Ag3PO4  was  then  dried  overnight  in  an  oven  at 
50°C.  




The  statistical  analyses  were  performed  using  Wolfram  Mathematica  7.0  and  8.0.  To 
evaluate  if  the  differences  in  the  mean  isotope  values  among  multiple  taxa  are 
statistically  significant,  one‐factor  analyses  of  variance  (ANOVA)  were  conducted, 
followed by posthoc‐tests (Tukey) for pairwise comparisons. In one case, the assumptions 
of  the  parametric  ANOVA  were  violated  (non‐normal  distribution),  therefore  we 
additionally  performed  a  Kruskal‐Wallis  non‐parametric  ANOVA  that  was  not  in 
disagreement with the parametric ANOVA results. 















The  data,  which  are  summarised  in  Table  S1,  include  135  individual  δ18OCO3  and  δ
13C 
analyses  of  bulk  incisor  and  molar  teeth,  as  well  as  δ18OCO3  and  δ
13C  values  of  bone 
material  from  seven  modern  arvicolid  and  murid  species  from  a  single  locality  in  NW 
Germany (see Materials and Methods section). 
5.4.1.1 Oxygen isotope composition of the incisors 
Intra‐population  variations  in  δ18OCO3 
from 2.0 to 3.9‰ have been observed 
in  the  bulk  incisor  samples  (n=10  of 
each  species),  with  the  exception  of 
the arvicolid M. glareolus, which has a 
significantly  higher  range  of  6.7‰. 
However,  if  the most extreme value  is 
excluded and considered as an outlier, 




the  arvicolid  incisors  are  26.8 ± 1.4‰ 
(A.  terrestris),  27.2 ± 1.8‰  (M. 
glareolus),  27.3 ± 1.1‰  (M.  agrestis) 
and  27.3 ± 1.2‰  (M.  arvalis).  The  murid  incisors  have  mean  δ18OCO3  values  of 












Between  the  mean  δ18OCO3  values  of  these  species,  statistically  significant  differences 
(one‐way ANOVA, F = 3.638, P <0.01) were observed, pair‐wise comparison revealed that 
only  A.  terrestris  and  R.  norvegicus  show  significantly  different  values  (Tukey  test, 
P <0.01). Within arvicolids, no statistically significant differences in δ18OCO3 were detected 











–15.9 ± 1.7‰,  respectively.  Very  large  variations were  observed  in  the  two murids, M. 
musculus  and  R.  norvegicus,  that  have  an  intra‐population  δ13C  range  of  12.7‰  and 
10.2‰ with mean values of –12.1 ± 5.3‰ and –9.6 ± 3.4‰, respectively  (Fig. 5.3, Table 
















(one‐way  ANOVA,  F = 28.813,  P <0.01)  were  observed.  By  pair‐wise  comparisons, 
significant differences between M. agrestis  and M. glareolus  themselves and with both 
other  Arvicolidae  were  detected  (Tukey  test,  P <0.05).  Within  murids,  significant 




The bone δ18OCO3 values  (n=5 of each species) deviate  from the  incisor values of of  the 
same  individuals  by  –4.2  to  +1.5‰.  85%  (30  out  of  35  specimens)  have  higher  δ18OCO3 
values  in  their  incisors  than  in  their  bones  (Fig.  5.4,  Table  S1).  Mean  values  are 










–16.4 ± 1.3‰  (A.  sylvaticus),  –11.6 ± 5.5‰  (M.  musculus)  and  –7.9 ± 2.2‰  (R. 





















values  from  the  individuals  where  both 
tissues  were  analysed  (n=5  in  each  species). 
1: A. terrestris, 2: M. glareolus, 3: M. agrestis, 
4: M. arvalis, 5: A. sylvaticus, 6: M. musculus, 
7: R. norvegicus.  The  dashed  lines  represent 
the  deviation  of  incisor  mean  values  from 
bone  mean  values  in  ‰  from  the  1:1 
accordance (solid line). 
 
Fig.  5.5:  Comparison  of  incisor  and  bone 
δ18OCO3  values  from  the  individuals  where 
both  tissues  were  analysed  (n=5  in  each 
species).1: A. terrestris, 2: M. glareolus, 3: M. 
agrestis,  4: M.  arvalis,  5: A.  sylvaticus,  6: M. 









In  A.  terrestris  the  intra‐jaw  range  (n=10)  between  the  molars  (M1‐M3)  of  the  same 
individual is 0.2 to 1.0‰ in δ18OCO3 and 0.1 to 0.6‰ in δ
13C. The overall intra‐jaw range 
(I1, M1‐M3)  varies  from  0.3  to  1.9‰  in  δ18OCO3, while  in most  cases  the  incisors  have 
higher values than the molars  (Fig. 5.6, Table S1).  In δ13C, nearly all  incisors have  lower 
values than the corresponding molars, with overall  intra‐jaw variations between 0.3 and 
1.5‰ (Fig. 5.7, Table S1). Mean values for M1, M2, and M3 are 26.1 ± 1.6‰, 26.1 ± 1.5‰ 





5.4.2  Oxygen  isotope  analyses  of  the  phosphate  in  the  bioapatite  (δ18OPO4)  of  A. 
terrestris 
The mean  δ18OPO4  of  skeletal  apatite  from A.  terrestris  are  15.4 ± 1.1‰  (bulk  incisors, 
n=5),  14.9 ± 1.3‰  (bulk  M1,  n=5)  and  14.9 ± 0.8‰  (bone,  n=5).  The  corresponding 
δ18OCO3 means are 26.5 ± 1.2‰, 25.8 ± 1.1‰ and 25.6 ± 1.2‰, leading to a Δ
18OCO3‐PO4 of 
11.2 ± 1.0‰  (incisors),  10.9 ± 0.4‰  (M1)  and  10.7 ± 0.9‰  (bone),  respectively.  The 
overall average Δ18OCO3‐PO4 is 10.9 ± 0.8‰ (Fig. 5.8, Table 5.3). 
























Fig.  5.8:  Δ18OCO3‐PO4  of  incisors,  first  molars 
and  bone  in  A.  terrestris  1  to  5.  Triangles 
represent  the  incisors,  diamonds  the  first 
molars  and  circles  the  bones.  The  average 















Mean  δ18OCO3  values  of  the  analysed  species  (Fig.  5.3)  show  no,  or  only  minor, 
differences.  This  suggests  that  probably  all  taxa  drank  from  isotopically  similar  water 
sources. The higher δ18OCO3 in R. norvegicus compared to the other rodent species may be 






(Glis  glis).  However,  only  three  specimens  were  investigated  by  Lindars  et  al.  (2001). 
Bones of Pitymus sp., M. arvalis and A. terrestris had δ18OPO4 intra‐population variations 
of 0.8 to 2.2‰, 0.4 ‰ and 1.3 to 2.3‰, respectively (Longinelli et al., 2003). These ranges 
are  lower  than or  reach  the  lower  limit  of  the  rodent δ18OCO3  variability  in  the present 
study. However, the lowest value of the aforementioned ranges is again based on three 
to four individuals only and derives mainly from mixed bone material. 
Compared  to  large mammals,  the  observed  variations  of  2.0  to  3.9‰  are  in  the  same 
range as previously reported δ18OCO3 values for North American bison (Bison bison) with 






at  a  single  locality  (Clementz  and  Koch,  2001).  Other  published  intra‐population 
variabilities  including  three  or  more  individuals  for  large  terrestrial  mammals  are 
significantly larger than those observed in the present study, as is the case for mule deer 



















observation  of  nearly  exclusively  herbivorous  diets  (Krapp  and  Niethammer,  1982; 
Reichstein,  1982).  An  exclusively  herbivorous  diet  is  also  known  for  M.  glareolus  in 
various  regions  (Viro  and  Niethammer,  1982).  The  diet  of M.  arvalis  and A.  sylvaticus 
consists  of  a  considerable  but  varying  amount  of  invertebrates  (Niethammer,  1978; 
Niethammer  and  Krapp,  1982)  explaining  the  higher  variability  of  4.0  and  5.3‰, 
respectively. Mean  values  of  these  species  correspond  to  a  typical  C3  diet.  The highest 
variabilities  in  δ13C within  the  individuals  from a  single population were observed  in R. 


















materials and methods section), the  incisor δ18OCO3 of a  large number of  individuals are 
likely  biased  towards  the  18O‐enriched  precipitation  of  the warm  summer months  (Fig. 
5.2). In contrast, bone material was formed over a longer time span, including the colder 
spring  season or  even  the winter months  in  case of  adult  individuals  that  survived  this 
period. This is further supported by the standard deviations of the bone‐incisor offsets in 
each species  (0.8  to 1.8‰), which  reflects  the different  times of mineralisation of both 
tissues in relation to a variable age structure of the individual specimens. One exception is 
the  juvenile R. norvegicus  specimens  that  have  a  relatively  uniform  bone‐incisor  offset 
within the five analysed individuals (~3‰), with a small standard deviation of only 0.3‰. 
This  likely  reflects  their  more  or  less  identical  age  and  hence  similar  time  intervals 
recorded in bone and incisor δ18OCO3 values. 
The δ13C values of the bulk incisor teeth, with two exceptions (Table S1), deviate less than 


























to  1‰)  as  well  as  in  δ13C  (0.1  to  0.6‰),  indicating  a  more  or  less  contemporaneous 
growth and mineralisation of these molars. 
5.5.5 The Δ18OCO3‐PO4 in A. terrestris 





et  al.,  2004;  Martin  et  al.,  2008;  Pellegrini  et  al.,  2011)  that  include  perissodactyls, 
artiodactyls and carnivorans. The only reported data for rodents (laboratory rats, Rattus 








The  bootstrapping  results  of  our  δ18OCO3  data  from  rodents  (more  than  95%  of  the 
subsamples are within ± 1σ of  the mean  if nsub ≥4,  and even more  than 99%  if nsub ≥7) 
agree  to  the minimum sample  size  recommendations  for most  large mammals  given  in 
previous studies (Clementz and Koch, 2001; Hoppe et al., 2005; Hoppe, 2006) as well as 
for  the horses  from the study of Wang et al.  (2008). For goats and yaks, a considerably 
higher minimum sample size for reliable estimates of the population mean δ18O within a 
95%  confidence  level  has  been  determined  (Wang  et  al.,  2008),  presumably  related  to 
differences in physiology and/or a different nutritional or rather drinking behaviour. Our 
data  for  rodents  indicate  that  the minimum sample  size  recommendations, determined 
for large mammals, potentially can be extended to small mammal species (i.e., rodents). 




This  suggests  the  reliability  of  a  δ18OCO3/PO4‐δ
18OLW  calibration  equation  based  on  a 
generic,  family  or  even  higher  taxonomic  level.  However,  factors  that  can  affect  the 
oxygen  isotope  composition  of  biogenic  apatite  (e.g.,  habitat,  drinking  behaviour, 
population  dynamics,  body  size  and  thermophysiology)  should  be  considered  carefully 
before  inferring  drinking  water  δ18O  values  from  existing  calibration  equations  or  the 
development of new ones. 
To  assess  if  calibration  equations  developed  on  bone  material  can  be  unrestrictedly 





The  δ18OPO4  values  were  calculated  from  the  measured  δ



















the  δ18O  of  local  precipitation  in  our  sample  area,  a  direct  comparison  to  our  data  is 







18OLW regression  lines  for  rodents developed mainly on bone material by Luz & Kolodny 
(1985)  and  Longinelli  et  al.  (2003).  The  solid  line  shows  the  δ18OPO4‐δ




A much  better  fit  is  obtained  if  the  bone‐based  equation  of  Longinelli  et  al.  (2003)  is 






discussed  above.  In  the  case  of  the  study  by  Luz  and  Kolodny  (1985),  an  additional 
explanation for differences from our data could be the fact that the respective equation is 
based on  laboratory animals that often differ  in their physiology from field populations, 
which  can have an  impact on  the oxygen  isotope  composition of  their  biogenic  apatite 
(e.g., Grimes et al., 2008). Furthermore, as  laboratory rats were raised under controlled 
conditions  with  a  constant  diet  and  water  source,  this  precludes  the  effect  of  any 
seasonal bias. 




18OLW  calibration  equations  of  modern  taxa  that  aim  to  reconstruct 




The observed  inter‐specific  variations  in  δ18OCO3 within  arvicolid  and murid  incisors  are 
low. Intra‐specific variations in the δ18O of the investigated rodent bioapatite samples are 




the  sample  population.  The  observed  minor  differences  in  the  intra‐specific  δ18O 
variability  of  rodents  compared  to  large  and  medium‐sized  mammals  corroborate  the 
applicability  of  rodents  in  palaeoclimatic  studies.  Due  to  the  differing  time  intervals 
Chapter 5 – Oxygen and carbon isotope variability in rodents 
 108 
recorded  in  the  different  skeletal  tissues  (incisors,  molars,  bone),  rodents  can  show 




equations  based  on  modern  taxa.  Comparisons  of  the  δ18O  data  from  the  analysed 
arvicolids and murids with the existing calibration equations relative to the δ18O data of 
local  precipitation  shows  that  a  significant  deviation  from  the  expected  value  occurs 
when bone‐based equations are applied to tooth‐data and vice versa. The Δ18OCO3‐PO4 of 
10.9 ± 0.8‰ determined for A. terrestris is at the upper limit of data from large mammals 
and  ranges within  the  two  previously  reported  values  from  another  rodent  species  (R. 
norvegicus). Within the present study, no significant disadvantages  in the  interpretation 
of  δ18O  data  from  rodent  bioapatite  compared  to  large‐  and  medium‐sized  mammals 
were  observed.  Nevertheless,  it  has  to  be  taken  into  account  that  fossil  rodent 
taphocoenoses  in temperate regions mostly underlie seasonal and spatial predator‐prey 
population dynamics. 
The  δ13C  data  mirror  the  different  nutritional  strategies  of  the  analysed  species  (i.e., 
dietary  specialisation  vs.  dietary  opportunism).  The  range  of  variations  within  a  single 
species  can  vary  considerably  but  agrees well with  field  observations  of  the  respective 
nutritional behaviour. Thus, multiple analyses from different individuals are an important 
prerequisite  to  get  deeper  insight  into  specific  nutritional  adaptions  from  fossil  small 
mammals. Seasonally driven variations in the carbon isotope composition of the ingested 
food  are  reflected  in  different  skeletal  tissues,  caused  by  differing  time  intervals  of 
incisor, molar and bone mineralisation.  
The  present  study  underscores  the  high  potential  of  stable  isotope  signatures  of  fossil 
small  mammal  skeletal  remains  to  reconstruct  past  environmental  and  climatic 
conditions.  However,  further  detailed  systematic  investigations  of  modern  analogous 
communities  of  small  mammals  are  necessary  for  a  refined  understanding  of  the 
incorporation of oxygen and carbon isotope compositions in the bioapatite of their teeth 





The  authors  are  grateful  to  B.  von  Bülow,  Haltern  am  See,  for  providing  the  sample 
material. F. Mayer, Berlin  is  thanked for providing the elephant molar tooth to produce 
our internal bioapatite standard “AG‐Lox”. We thank W. von Koenigswald, Bonn, as well 
as  L.  Maul,  Weimar,  for  references  and  advice  regarding  growth  mechanisms  in 
permanent  growing  rodent  teeth.  For  assistance  during  the  sample  preparation  and 
carbonate stable isotope analyses, we are grateful to I. Reuber and N. Albrecht. We thank 
S. Grimes, Plymouth and an anonymous reviewer for their comments and suggestions to 
improve  the  submitted  manuscript  as  well  as  A.  A.  Farke,  Claremont  for  the  editorial 































































































































































































































































































































































Within  the  manuscripts  of  the  thesis  presented  here,  the  triple  oxygen  isotope 
composition  of mammalian  bioapatite  has  been  examined  as well  as  its  potential  as  a 
proxy  for  CO2‐levels  throughout  Earth’s  history  (chapters  3  and  4)  and  diagenetically 






bioapatite  increases  with  decreasing  body mass  due  to  a  higher  portion  of  air  oxygen 
intake  relative  to  the  other  oxygen  sources  (such  as  drinking  water  and  free  water  in 
food)  towards  a  smaller  body  mass.  A  second  parameter  that  can  effect  Δ17O  of 
mammalian bioapatite  is the nutritional behaviour (i.e. a  larger 17O‐excess  in herbivores 
compared to carnivores of the same body mass). The analytical data from a large set of 
modern  mammals  with  body  masses  between  ~2g  and  ~5000 kg  are  supported  by  a 
detailed mass balance model. 









The  Palaeocene‐Eocene  transition  encompasses  one  of  the  most  remarkable  climatic 
changes  within  the  Cenozoic,  accompanied  by  large  temperature  fluctuations  within  a 















related to a  large extent to uncertainties  in physiology  (i.e.  total water  flux and specific 
metabolic rate). Those have the potential to be reduced considerably by a more detailed 
survey  of  the  triple  oxygen  isotope  variability  in modern mammal  taxa  and  the  use  of 
close relatives from the fossil record to reconstruct pCO2.  
The different diagenetic susceptibility of mammalian tooth enamel, dentine and bone is 
evaluated  in  chapter  2.  As  suggested  in  the  past  from  secondary  proxies  (e.g.  apatite 
crystallinity, rare earth element contents) it could be proven by the detection of a distinct 
17O‐anomaly  that  tooth  enamel  of  fossil  mammals  can  retain  its  original  triple  oxygen 




a  single  locality  is  evaluated.  As  stable  isotope  studies  on  bioapatite  of  small  fossil 
mammals (i.e. rodents) have emerged in an increasing number within the last decade, the 
intent for this study was to contribute to an enhanced understanding of those variations 
in small mammals.   Comparable studies  in the past have been carried out only on  large 
mammals.  It  is shown that the oxygen and carbon isotope variability of the investigated 
rodents  in  general  is  comparable  to  that  of  most  previously  studied  large  mammals. 
However,  tissue‐specific  differences  should  be  considered  if  findings  obtained  from 
modern taxa are applied to rodents in the fossil record. 
